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ABSTRACT	  
Bio-­‐Energy	  with	  Carbon	  Capture	  and	  Storage	  (BECCS):	  Production	  
of	  H2	  with	  Suppressed	  CO2	  Formation	  via	  Alkaline	  Thermal	  
Treatment	  
Maxim	  Richard	  Alphonse	  Stonor	  
	   The	   demand	   for	   energy	   continues	   to	   grow	   but	   concerns	   over	   climate	   change	  
means	  that	  conventional	  fossil	  fuels	  will	  eventually	  need	  to	  be	  replaced.	  	  The	  solution	  to	  
the	  energy	   crisis	  will	   require	  a	   combination	  of	  both	   conventional	   energy	   sources	  with	  
CO2	  capture	  and	  renewable	  technologies.	  While	  many	  renewable	  technologies	  exist,	  it	  is	  
not	  common	  that	  CO2	  capture	  is	  incorporated	  into	  the	  process.	  
	   Biomass	   is	   an	   ideal	   feed-­‐stock	   for	   bio-­‐energy	   production	   as	   it	   is	   CO2	   neutral.	  
Many	   thermochemical	   conversion	   technologies	   exist,	   but	   the	   Alkaline	   Thermal	  
Treatment	   (ATT)	   reaction	   is	   particularly	   interesting	   because	   it	   combines	   conventional	  
thermochemical	   conversion	   with	   CO2	   capture	   in	   order	   to	   create	   a	   process	   that	   is	  
potentially	  CO2	  negative.	  By	  reacting	  biomass	  with	  a	  metal	  hydroxide,	  high	  purity	  H2	  can	  
be	  produced	  while	  simultaneously	  locking	  the	  carbon	  as	  a	  stable	  carbonate,	  which	  is	  a	  
form	  of	  Bio-­‐energy	  with	  Carbon	  Capture	  &	  Storage	  (BECCS).	  The	  H2	  can	  then	  be	  used	  for	  
applications	  ranging	  from	  Fischer-­‐Tropsch	  synthesis	  to	  PEM	  fuel	  cells.	  
	   Group	  I	  &	  II	  hydroxides	  were	  investigated	  for	  their	  ability	  to	  react	  with	  cellulose	  
(a	  biomass	  model	   compound)	   in	   the	  ATT	   reaction	   scheme.	  Comparison	  between	  both	  
	  
groups	   indicated	   that	  NaOH	  and	  Ca(OH)2	  were	   the	  best	  hydroxides	   from	  groups	   I	  &	   II	  
respectively.	   However,	   the	   amount	   of	   H2	   produced	   during	   the	   ATT	   of	   cellulose	   with	  
Ca(OH)2	  is	  considerably	  lower	  than	  with	  NaOH.	  A	  10%	  Ni/ZrO2	  catalyst	  was	  then	  added	  
to	   increase	   the	   yield	   of	   H2	   from	   the	   reaction	   between	   cellulose	   and	   Ca(OH)2.	   It	   was	  
found	  that	  at	  20%	  catalyst	  loading,	  the	  amount	  of	  H2	  produced	  and	  the	  suppressed	  level	  
of	  CO2	  was	  similar	  to	  the	  ATT	  with	  NaOH.	  
	   Several	   other	   catalytic	   metals	   were	   also	   investigated	   and	   found	   to	   have	   the	  
following	  H2	  production	  activity:	  Ni	  >	  Pt≈Pd	  >	  Co	  >	  Fe,	  Cu.	  Since	  Ni	  was	  the	  most	  active	  
and	   has	   a	   considerably	   lower	   cost	   than	   noble	   metals	   it	   was	   chosen	   for	   additional	  
studies.	  The	  ATT	  reaction	  in	  the	  presence	  of	  Ni	  has	  two	  distinct	  steps	  in	  the	  formation	  of	  
H2	  from	  cellulose.	  The	  presence	  of	  Ca(OH)2	  enhances	  the	  formation	  of	  linear	  oxygenates	  
from	   cellulose.	   These	   oxygenates	   are	   then	   reformed	   over	   the	  Ni-­‐based	   catalyst	   to	   H2	  
and	  CO2,	  the	  latter	  of	  which	  is	  captured	  by	  Ca(OH)2	  to	  form	  CaCO3.	  	  If	  either	  Ca(OH)2	  or	  
Ni	  was	  removed	  from	  the	  reaction,	  the	  yield	  H2	  fell	  significantly.	  
	   Although	  the	  reactants	  and	  the	  catalyst	  are	  all	  solid	  materials,	  they	  do	  not	  need	  
to	   be	   physically	   mixed.	   The	   Ni-­‐based	   catalyst	   produced	   H2	   primarily	   through	   the	  
reforming	  of	  gaseous	  species	  and	  therefore	  could	  be	  placed	  ex-­‐situ	  of	  the	  cellulose	  and	  
Ca(OH)2	   mixture.	   However,	   placing	   the	   catalyst	   away	   from	   Ca(OH)2	   prevented	   CO2	  
capture.	   In	   order	   to	   remedy	   this	   Ca(OH)2	   was	   mixed	   with	   the	   Ni-­‐based	   catalyst	   and	  
mixture	  was	  placed	  ex-­‐situ	  of	  pure	  cellulose.	  This	  created	  a	  process	  whereby	  cellulose	  
could	   be	   decomposed	   thermally	   followed	   by	   a	   single	   gas-­‐phase	   Alkaline	   Thermal	  
Treatment	   (GATT)	   reforming	   step	   of	   the	   pyrolysis	   vapors	   to	   H2	   with	   suppressed	   CO2.
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CHAPTER	  1	  
1. Introduction	  	  	  
1.1	  The	  Concerns	  over	  Climate	  Change	  
Climate	  change	  is	  a	  significant	  concern	  to	  current	  and	  future	  generations.	  Since	  
the	   industrial	   revolution	   carbon	   emissions	   have	   increased	   exponentially	   (Figure	   1.1),	  
which	  is	  having	  a	  detrimental	  effect	  on	  the	  earth’s	  climate.	  The	  scientific	  community	  has	  
reached	   a	   unanimous	   consensus	   that	   these	   emissions	   have	   caused	   several	   negative	  




Figure	  1.1:	  Historical	  Carbon	  Emissions2	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Despite	   these	   concerns,	   the	   demand	   for	   energy	   is	   predicted	   to	   grow	   over	   the	  
coming	  decades.	  Although	  developed	  OECD	  countries	  have	  predicted	  to	  have	  relatively	  
stable	   levels	  of	  energy	  consumption	   in	   the	   future,	  non-­‐OECD	  countries	  are	  consuming	  
energy	  at	  an	  accelerated	  rate	  (Figure	  1.2).	  Energy	  consumption	  is	  strongly	  correlated	  to	  
economic	  growth	  and	  as	  these	  countries	  strive	  for	  an	  increased	  standard	  of	  living,	  their	  
demand	  for	  energy	  will	  follow	  suit.	  Hence,	  reducing	  energy	  usage	  will	  prove	  difficult.	  
	  
Figure	  1.2:	  Historical	  and	  Predicted	  Energy	  Demand	  of	  OECD	  &	  Non-­‐OECD	  Countries3	  
	  
Unfortunately,	   the	   risk	  of	   irreversible	  damage	   to	   the	  environment	   is	   significant	  
and	  several	  countries	  have	  begun	  to	  take	  steps	  to	  mitigate	  CO2	  emissions.	   In	  2014	  the	  
U.S.	   Environmental	   Protection	   Agency	   imposed	   a	   new	   regulation	   requiring	   a	   30%	  
reduction	   in	   carbon	   emissions	   by	   2030.4	   Similarly,	   in	   2015,	   195	   countries	   signed	   the	  
Paris	   agreement	   at	   the	   United	   Nations	   Climate	   Change	   Conference	   as	   a	   pledge	   to	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However,	   in	  order	  to	  achieve	  this	  target,	   the	  atmospheric	  CO2	  concentration	  must	  not	  
be	  allowed	  to	  exceed	  350	  ppm6,	  which	   is	   lower	  than	  the	  current	  average	  atmospheric	  
CO2	  concentration	  of	  400	  ppm.7	  
	  
Figure	  1.3:	  Predicted	  Energy	  Demand	  from	  Various	  Fuel	  Sources3	  
	  
Consequently,	   it	   is	   essential	   that	   energy	   production	   technologies	   incorporate	  
strategies	  to	  become	  CO2-­‐neutral	  or	  preferably	  CO2-­‐negative.	  Figure	  1.3	  shows	  that	  this	  
trend	   has	   started,	   with	   a	   predicted	   increase	   in	   the	   demand	   for	   renewables	   over	   the	  
coming	  decades;	  however	  fossil	  fuels	  will	  also	  follow	  a	  similar	  trend.	  In	  the	  renewables	  
market,	  Figure	  1.4	  shows	  that	  the	  demand	  for	  energy	  derived	  from	  biomass	  in	  the	  U.S.	  is	  
expected	  to	  keep	  a	  majority	  of	  the	  market	  share	  over	  the	  coming	  years.	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Figure	  1.4:	  Renewable	  Energy	  Production	  in	  the	  United	  States3	  
	  
1.2	  Biomass	  for	  Bio-­‐Energy	  with	  Carbon	  Capture	  &	  Storage	  
The	   level	  of	   atmospheric	   carbon	  has	  already	  passed	   the	  350ppm	   target	   that	   is	  
required	  to	  prevent	  a	  2°C	  increase	  in	  global	  average	  temperatures.	  Although	  fossil	  fuels	  
will	  likely	  continue	  to	  be	  a	  dominant	  source	  of	  energy,	  solutions	  to	  the	  climate	  crisis	  will	  
require	  a	  combination	  of	  fossil	  fuels	  with	  CO2	  capture	  technology	  and	  renewable	  energy	  
with	  CO2	  negative	  technology.	  	  
	   Biomass	   is	   a	   unique	   feed-­‐stock	   since	   it	   is	   CO2	   neutral.	   All	   of	   the	   carbon	   in	  
biomass	  is	  derived	  from	  atmospheric	  CO2;	  if	  all	  the	  carbon	  were	  released	  as	  CO2	  through	  
combustion,	   the	   net	   carbon	   emission	   would	   be	   zero.	   Biomass	   currently	   provides	   30	  
EJ/year	  of	  energy	  in	  comparison	  to	  the	  global	  energy	  demand	  of	  400	  EJ/year.	  Although	  
there	   is	  a	  possibility	  that	  by	  2050	  biomass	  may	  be	  able	  to	  produce	  50%	  of	  the	  world’s	  
energy8,	   this	   will	   require	   more	   intensive	   agricultural	   practices	   in	   order	   to	   meet	   the	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demand.9	   However,	   there	   are	   other	   methods	   available	   to	   improve	   the	   quality	   and	  
increase	  the	  quantity	  of	  energy	  from	  biomass	  aside	  from	  increasing	  biomass	  production.	  
Currently,	   two-­‐thirds	   of	   biomass	   production	   is	   used	   for	   heating	   residential	   homes,	  
concentrated	  in	  developing	  countries.10	  Combustion	  processes	  typically	  suffer	  from	  poor	  
energy	  extraction	  efficiency	  and	  therein	  lies	  a	  significant	  opportunity	  to	  introduce	  new	  
technology	  on	  a	  distributed	  scale	  for	  converting	  biomass	  more	  efficiently.	  If	  the	  energy	  
conversion	  process	  can	  be	  improved	  over	  conventional	  combustion	  and	  combined	  with	  
CO2	   capture	   technology,	   the	   process	   has	   the	   potential	   to	   be	   a	   useful	   CO2-­‐negative	  
energy	   source.	   	   This	   technology,	   also	   known	   as	   Bio-­‐Energy	   with	   Carbon	   Capture	   &	  
Sequestration	  is	  expected	  to	  play	  a	  dominant	  role	  in	  the	  future.11	  
There	  is	  an	  important	  distinction	  between	  biomass	  grown	  for	  energy	  production	  
and	   inedible	   biomass	   residue.	   Many	   commercial	   processes	   can	   convert	   sugar	   rich	  
biomass	   to	   ethanol12,	   but	   growing	   edible	   crops	   as	   a	   fuel	   source	   requires	   extensive	  
natural	  resources	  and	  poses	  a	  moral	  dilemma	  when	  considering	  that	  millions	  of	  people	  
worldwide	  are	  dying	  of	  famine.	  Biomass	  residue	  on	  the	  other	  hand	  -­‐	  the	  inedible	  part	  of	  
the	  plant	  -­‐	  has	  very	  limited	  uses.	  	  
Biomass	  has	  very	   low	  energy	  density,	   thus	   in	  order	  to	  maximize	  the	  viability	  of	  
biomass	   conversion	   technologies,	   minimal	   growing	   and	   transportation	   costs	   are	  
necessary.	  Utilizing	  waste	  biomass	  will	  likely	  mitigate	  a	  significant	  portion	  of	  the	  cost	  of	  
the	   raw	   feed-­‐stock,	   but	   transportation	   costs	   will	   remain	   significant.13	   Hence,	   a	  
distributed	   energy	   conversion	   technique	   is	   ideal.	   Such	   a	   process	   would	   require,	  
moderate	  temperatures	  and	  pressures,	  coupled	  with	  simple	  operation.	  
	   6	  
1.3	  The	  Primary	  Constituents	  of	  Biomass	  
Biomass	   exists	   in	   many	   forms	   such	   as	   forestry	   residue,	   agricultural	   residue,	  
livestock	   waste,	   municipal	   solid	   waste,	   and	   organic	   food	   waste.14	   While	   the	   precise	  
composition	  of	  each	  of	   these	  sources	  varies,	   they	  generally	  will	  all	  consist	  of	  a	  certain	  
combination	  of	  cellulose,	  hemicellulose,	  lignin.15	  	  
Cellulose	  is	  the	  primary	  constituent	  of	  biomass	  and	  comprises	  between	  30	  to	  50	  
wt%	   depending	   on	   the	   variety	   of	   biomass.8	   The	   molecule	   is	   a	   polymer	   of	   glucose	  
monomers	   linked	   by	   glycosidic	   bonds	   between	   the	   1st	   and	   4th	   carbon	   on	   the	   glucose	  
rings.	   These	   linear	   polymer	   strands	   then	   congregate	   into	   bundles	   through	   hydrogen	  
bond	   interactions	   between	   the	   chains	   in	   order	   to	   form	   high	   tensile	   strength	  
microfibrils.16	  The	  polymer	  has	  a	  high	  variability	  in	  its	  degree	  of	  polymerization	  (DP)	  but	  
is	   generally	   contains	  between	  5000	   to	  10000	  glucose	  units.16,17	  Depending	  on	   the	  DP,	  
cellulose	   can	   exist	   at	   varying	   levels	   of	   crystallinity,	   which	   affects	   its	   thermochemical	  
degradation	   characteristics.18	   However,	   since	   cellulose	   has	   a	   repeating	   unit	   in	   its	  
polymer	  chain	  its	  general	  molecular	  formula	  can	  be	  written	  as	  (C6H10O5)n.	  
Cellulose	  exhibits	  good	  tensile	  strength	  due	  to	  it	  straight	  chain	  polymer	  structure	  
but	   it	   cannot	   provide	   the	   rigidity	   and	   structure	   needed	   in	   plant	   cell	   walls.	   These	  
characteristics	   are	   provided	   by	   hemicellulose	   and	   lignin	   that	   create	   a	   stable	   matrix	  
around	   the	   cellulose	   microfibrils.19	   In	   fact,	   hemicellulose	   is	   occasionally	   referred	   to	  
cross-­‐linking	  glucans,	   since	   it	   is	   capable	  of	   forming	  hydrogen	  bonds	  between	  cellulose	  
and	   lignin,	   consequently	   stabilizing	   the	   biomass	  matrix.20	   Hemicellulose	   is	   a	   branched	  
polysaccharide	  and	  is	  the	  second	  most	  abundant	  polymer,	  typically	  comprising	  between	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10	  wt%	   to	   40	  wt%	   of	   biomass.	   Higher	   hemicellulose	   fractions	   typically	   correspond	   to	  
more	  rigid	  biomass	  structures	  (e.g.	  hardwood).8	  Since	  hemicellulose	   is	  amorphous	  and	  
branched,	   it	   has	   no	   exact	  molecular	   formula	   since	   it	   is	   not	   built	   of	   a	   single	   repeating	  
polymer	  unit.	   In	  general	  however,	  xylan	  and	  sugar	  acids	  are	  the	  major	  components	  of	  
hemicellulose	   in	   hardwoods,	   while	   mannans	   are	   the	   primary	   components	   of	  
hemicellulose	  in	  softwoods.15,21	  Its	  random	  amorphous	  structure	  also	  gives	  it	  a	  lower	  DP	  
in	   comparison	   to	   cellulose15	   with	   the	   typical	   value	   of	   around	   150.17	   This	   lower	  
crystallinity	   results	   in	  a	   lower	  degradation	   temperature	  between	  of	  493	  K	  –	  588	  K	   for	  
hemicellulose	   in	   comparison	   to	   588	   K	   –	   673	   K	   for	   cellulose.22	   Consequently	   the	  
thermochemical	  conversion	  biomass	  varies	  significantly	  depending	  on	  its	  composition.	  	  
Lignin	   is	   the	   constituent	   of	   biomass	   that	   gives	   plants	   the	   majority	   of	   their	   rigidity	  
structure	  and	  strength.23	  Different	  species	  of	  plants	  have	  varying	  proportions	  of	   lignin,	  
with	   grasses	   containing	   as	   little	   as	   5	  wt%,	   to	  woods	   containing	   as	  much	   as	   30	  wt%.8	  
Similarly	   to	   hemicellulose,	   lignin	   is	   branched	   and	   amorphous	   but	   significantly	   more	  
thermally	   stable	   as	   it	   decomposes	   anywhere	   between	   433	   K	   –	   1173	   K.22,24	   Due	   to	   its	  
complex	  structure	  no	  general	  chemical	  formula	  exists,	  however	  the	  main	  constituents	  of	  
lignin	   are	   p-­‐coumaryl	   alcohol,	   coniferyl	   alcohol,	   and	   sinapyl	   alcohol.19	   Due	   to	   the	  
variability	   in	   the	   lignin	   structure,	   its	   thermochemical	   conversion	   characteristics	   are	  
difficult	  to	  predict.	  
The	  encapsulation	  of	  cellulose	  by	  lignin	  is	  a	  significant	  challenge	  for	  researchers	  
attempting	   to	   convert	   real	   biomass	   to	   useful	   products.	   Techniques	   to	   depolymerize	  
lignin	   include,	   pyrolysis,	   gasification	   and	   supercritical	   hydrolysis.25	   However,	   these	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techniques	  risk	  thermally	  degrading	  cellulose	  due	  to	  the	  high	  temperatures	  required	  to	  
breakdown	   lignin.	   Other	   methods	   aim	   to	   break	   down	   the	   cellulose	   microfibrils	   to	  
glucose	   and	   other	   oligomers	   through	   alkaline	   conditions,	   acidic	   conditions,	   steam	  
explosion,	   or	   the	   use	   of	   catalysts.26,27	   There	   is	   ample	   literature	   available	   on	   the	  
extraction	   methods	   used	   to	   obtain	   cellulose	   from	   biomass;	   no	   further	   discussion	   is	  
warranted	   here.	   Furthermore,	   the	   thermochemical	   conversion	   of	   hemicellulose	   and	  
lignin	  requires	  dedicated	  in-­‐depth	  studies	  in	  order	  to	  treat	  adequately.	  Since	  cellulose	  is	  
such	  a	  significant	  part	  of	  biomass,	  this	  thesis	  shall	  focus	  on	  the	  conversion	  of	  cellulose	  as	  
a	  model	  compound	  for	  real	  biomass	  conversion.	  In	  Chapter	  2	  we	  shall	  place	  an	  emphasis	  
on	   cellulose	   and	   the	   thermochemical	   conversion	   techniques	   available	   to	   convert	   it	   to	  
useful	  products.	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CHAPTER	  2	  
2. Background	  
2.1	  Thermochemical	  Conversion	  Technologies	  
2.1.1	  Pyrolysis	  
Pyrolysis	   is	  the	  thermochemical	  conversion	  of	  biomass	  that	  occurs	  at	  moderate	  
temperature,	  ambient	  pressure	  and	  in	  the	  absence	  of	  oxygen.17	  The	  products	  produced	  
during	   this	   conversion	   process	   are	   char,	   liquids	   and	   gases,	   yet	   the	   total	   yields	   and	  
relative	   amounts	   depend	   on	   several	   factors	   including,	   temperature,	   heating	   rate,	  
residence	   time,	   and	   feed-­‐stock.	   28	   Pressure	   as	   a	   reaction	   parameter	   has	   also	   been	  
studied	  but	  is	  not	  common	  in	  literature.29	  
Pyrolysis	   can	   broadly	   be	   classified	   as	   either	   slow	   or	   fast/flash.	   Slow	   pyrolysis	  
typically	  uses	  low	  heating	  rates	  (~10K/min),	  moderate	  final	  temperatures	  (~573	  K),	  and	  
long	   residence	   times	   (~hours).30	   Under	   these	   conditions	   the	   primary	   product	   is	   char,	  
which	   has	   been	   used	   for	  millennia	   as	   a	   solid	   fuel.15	   CO,	   CO2	   and	   H2O	   vapor	   are	   also	  
released	   during	   slow	   pyrolysis,	   however	   these	   conditions	   are	   not	   suitable	   for	   any	  
significant	   yield	   of	   combustible	   gases.31	   Any	   produced	   liquid	   on	   the	   other	   hand	   is	  
comprised	  of	  a	  highly	  complex	  mixture	  of	  oxygenated	  bio-­‐oils	  and	  tars.15,32	  Piskorz	  et	  al.	  
showed	   that	   heating	   poplar	   wood	   at	   a	   moderate	   heating	   rate	   of	   50K/min	   to	   723	   K	  
converted	   the	   biomass	   into	   12wt%	   char,	   66wt%	   organic	   liquids,	   11wt%	   water,	   and	  
11wt%	  gas.	  The	  gas	  phase	  was	  comprised	  almost	  entirely	  of	  CO	  and	  CO2	  with	  the	  molar	  
ratio	  between	  them	  being	  10:8.33	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Fast	  pyrolysis	  uses	  high	  heating	  rates	  (~104	  K/s)28,	  high	  final	  temperatures	  (~923	  
K),	  and	  very	  short	  residence	  times	  (~seconds).30,32	  The	  product	  distribution	  under	  these	  
conditions	   shifts	   preferentially	   towards	   liquids.	   As	   in	   the	   case	   of	   slow	   pyrolysis,	   the	  
liquid	   product	   is	   also	   a	   complex	  mixture	  monosaccharides,	   and	   cyclic	   oxygenates.31,34	  
Yang	  et	  al.	  investigated	  the	  effect	  of	  heating	  palm	  wastes	  at	  a	  rate	  of	  ~103	  K/s	  to	  773	  K	  
and	  obtained	  a	  product	  comprising	  of	  	  29.04wt%	  char,	  	  29.99wt%	  liquids	  and	  36.59wt%	  
gas.	  The	  authors	  found	  similar	  results	  to	  Piskorz	  et	  al.,	  with	  CO	  and	  CO2	  comprising	  90%	  
of	   the	   gaseous	   product	   at	   10:15	  molar	   ratio.	   However,	   the	   authors	   did	   observe	   that	  
increasing	  the	  final	  temperature	  was	  critical	  in	  enhancing	  the	  formation	  of	  combustible	  
gases.35	  
(i)	  General	  Reaction	  Pathway	  
It	   is	   proposed	   that	   during	   pyrolysis,	   cellulose	   depolymerizes	   at	   373	   –	   423	   K	  
through	   the	   cleavage	   of	   β1à4	   linkages	   in	   order	   to	   form	   oligosaccharides	   of	   lower	  
molecular	  weight.36	  These	  oligoaccahrides,	   also	  known	  as	   “active	   cellulose”,	   consist	  of	  
far	  fewer	  glucose	  units	  and	  are	  terminated	  by	  a	  levoglucosan	  molecule.31	  The	  size	  of	  the	  
oligosaccharides	  depends	  on	  the	  heating	  rates	  selected,	  with	  slow	  heating	  rates	  giving	  a	  
DP	   of	   about	   200	   to	   300	   and	   faster	   heating	   rates	   giving	   a	   DP	   of	   <10.16	   Upon	   further	  
heating	   the	   activated	   cellulose	   continues	   to	   breakdown	   to	   form,	   levoglucosan,	  
levoglucosenone,	   1,4:3,6	   dianhydroclucopyranose	   and	   1,6	   anhydro-­‐glucofuranose.36,37	  
The	  molecules	  can	  then	  either	  undergo	  repolymerization	  to	  form	  tars15,17,31	  or	  undergo	  
further	   fragmentation	   to	   aldehydes	   (e.g.	   hydroxyacetalaldehyde,	   glyceraldehyde),	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ketones	   (e.g.	   hydroxyacetone),	   organic	   acids	   (e.g.	   formic	   Acid,	   acetic	   Acid)	   and	   larger	  
cyclic	  compounds	  (e.g.	  furfural).17,31	  
It	  should	  be	  clarified	  that	  the	  degradation	  range	  of	  cellulose	  given	  by	  Schwenker	  
et	   al.36	   is	   considerably	   lower	   than	   that	   proposed	   by	   Yang	   et	   al.22	   However,	   the	   latter	  
measured	  the	  degradation	  of	  cellulose	  via	  a	  Thermal	  Gravimetric	  Analyzer,	  which	  only	  
measures	  a	  change	  in	  mass.	  It	  is	  possible	  that	  cellulose	  depolymerizes	  at	  temperatures	  
lower	  than	  588	  K,	  without	  a	  changed	  in	  the	  measured	  mass.	  
(ii)	  Effect	  of	  Pyrolysis	  Parameters	  
Clearly	   the	   product	   distribution	   is	   affected	   by	   heating	   rate,	   temperature,	   and	  
feed-­‐stocks.	  Table	  2.1	  summarizes	  the	  results	  of	  several	  pyrolysis	  studies	   in	  relation	  to	  
these	  parameters.	  Although	  the	  absolute	  yields	  vary	  between	  feed-­‐stocks,	   the	  general	  
trend	   suggests	   that	  higher	   final	   temperatures	   result	   in	   the	  production	  of	  more	  bio-­‐oil	  
and/or	   gas.	   Manipulation	   of	   the	   heating	   rate	   can	   also	   shift	   the	   product	   formation	  
towards	   bio-­‐oils	   if	   the	   heating	   rate	   is	   sufficiently	   high	   and	   residence	   times	   are	   very	  
short.28	   Lower	   final	   temperatures	   on	   the	  other	   hand	   result	   in	   a	   greater	   proportion	  of	  
char.	  Furthermore,	  depending	  on	  the	  conditions	  vapor	  residence	  times	  vary	  significantly	  
and	   can	   affect	   the	   product	   distribution.	   Short	   residence	   times	   result	   in	   decreased	  
thermolysis	  of	  large	  fragments,	  leading	  to	  oil,	  in	  comparison	  to	  longer	  residence	  times,	  
which	  promote	  thermal	  degradation	  and	  hence	   increase	  the	  production	  of	   light	  gases.	  
28,36	   However,	   long	   residence	   times	   may	   also	   lead	   to	   reploymerization	   reactions	  
between	  small	  organic	  fragments,	  thus	  promoting	  the	  formation	  of	  tar.30,36	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5	   573	   14.6	   31.6	   53.8	  
5	   873	   26.4	   49.0	   26.4	  
80	   573	   11.2	   28.0	   60.8	  
80	   873	   30.2	   53.6	   16.2	  
Rapeseed28	  
30	   673	   27*	   43*	   25*	  
30	   873	   28*	   46*	   20*	  
300	   673	   3*	   38*	   28*	  
300	   873	   3*	   62*	   18*	  
Poplar	  Wood33	   Isothermal	   773	   12.45	   75.06	   12.15	  
Cellulose33	   Isothermal	   773	   13.04	   75.16	   3.84	  
Palm	  Shell35	  
Isothermal	   773	   36.59	   29.99	   29.04	  
Isothermal	   873	   41.55	   27.01	   19.61	  
Oil	  Palm	  Shell34	  
Isothermal	   673	   23.0	   42.0	   35.0	  
Isothermal	   873	   34.0	   41.0	   15.0	  
Hazelnut	  
Shell38	  
30	   640	   56.6	   9.0	   34.5	  
30	   900	   51.7	   20.6	   29.7	  
1200	   640	   11.3	   16.8	   71.9	  
1200	   900	   15.1	   51.5	   33.4	  
Wood39	  
Isothermal	   723	   9*	   69*	   25*	  
Isothermal	   873	   30*	   63*	   10*	  
Maize	  
Residue40	  
Isothermal	   673	   28.1	   35.8	   36.1	  
Isothermal	   873	   34.2	   39.1	   26.7	  
E.	  Characias	  
Bagasse41	  
Isothermal	   673	   5.7	   35.9	   52.5	  
Isothermal	   923	   20.8	   48.5	   26.8	  
Rapeseed	  Stalk	  
&	  Straw42	  
10	   623	   28*	   25*	   47*	  
10	   923	   32*	   39*	   31*	  
30	   623	   32.5*	   23*	   44*	  
30	   923	   34.5*	   37*	   30*	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At	   lower	  temperatures	  around	  573	  K,	   the	  gas	   is	  comprised	  primarily	  of	  CO	  and	  
CO2,	   however	   the	   amount	   of	   gas	   produced	   during	   pyrolysis	   however	   is	   very	   small,	  
especially	  at	  temperatures	  below	  773	  K.43	  Upon	  increasing	  the	  temperature	  above	  923	  
K,	   small	   amounts	   of	   C1	   –	   C4	   permanent	   gases	   and	   H2	   can	   be	   observed.41,43	   Gaseous	  
composition	   is	   also	  dependent	  on	   the	   type	  of	  biomass	  used.	  One	   study	   found	   that	   at	  
873	  K,	  the	  amount	  of	  H2	  produced	  between	  tobacco	  and	  sunflower	  residue	  was	  similar,	  
however	   at	   973	   K,	   the	   amount	   of	   H2	   produced	   in	   the	   case	   of	   sunflower	   residue	  was	  
three	  times	  higher	  than	  the	  amount	  produced	  with	  tobacco	  residue;	  other	  gases	  such	  as	  
CO,	  CO2	  and	  CH4	  followed	  similar	  trends.40	  
In	   short,	  higher	  heating	   rates	  and	   final	   temperatures	   correlate	   to	  an	   increased	  
production	   of	   liquids	   and	   gases,	   whereas	   the	   opposite,	   coupled	   with	   long	   residence	  
times,	  results	  in	  char	  formation.	  While	  ramping	  rate	  may	  have	  an	  effect	  on	  the	  bio-­‐oils	  
produced,	  its	  effect	  on	  the	  distribution	  of	  gas	  is	  not	  prominent.	  The	  final	  temperature	  is	  
the	  parameter	  that	  affects	  gaseous	  selectivity.	   It	   is	   important	  to	  optimize	  the	  pyrolysis	  
process	   by	   manipulating	   the	   heating	   rate,	   final	   temperature,	   and	   residence	   time	   in	  
order	  to	  achieve	  the	  desired	  product	  distribution	  from	  a	  specific	  biomass	  feed-­‐stock.	  
(iii)	  Challenges	  
The	  pyrolysis	  process	   is	  not	  designed	  to	  produce	  any	  significant	  amount	  of	  gas.	  
Slow	   pyrolysis	   is	   intended	   for	   the	   production	   of	   charcoal	   while	   fast	   pyrolysis	   aims	   to	  
produce	  bio-­‐oil.	  While	  char	   is	   relatively	  well	   identified	  and	  useful,	  bio-­‐oil	   is	  a	  complex	  
mixture	  of	  oxygenated	  hydrocarbons	  such	  as	  substituted	  aromatics,	  aldehydes,	  ketones,	  
sugars,	   and	   organic	   acids,	   all	   with	   varying	   oxygen	   content.	   Consequently	   the	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composition	   of	   bio-­‐oil	   from	   a	   specific	   process	   is	   very	   difficult	   to	   predict	   due	   to	   the	  
complex	  nature	  of	  the	  reactions	  involved.17	  
There	   is	   significant	   interest	   in	   using	   bio-­‐oil	   as	   a	   potential	   supplement	   to	   fossil	  
fuels,	  however	  there	  are	  several	  challenges	  that	  must	  be	  addressed.	  Bio-­‐oils	  can	  have	  an	  
oxygen	  content	  of	  up	  to	  40wt%	  and	  thus	  are	  very	  polar.44	  This	  increases	  its	  affinity	  for	  
water	   retention	   causing	   a	   typical	   product	   to	   contain	   anywhere	   from	   15	   –	   30	   wt%	  
water.45	  Furthermore,	  oxygenation	  reduces	  the	  energy	  density	  of	  the	  oil,	  which	   is	  why	  
bio-­‐oil	  typically	  only	  has	  40-­‐50wt%	  of	  heating	  value	  of	  conventional	  hydrocarbon	  fuels.	  
Lastly,	  the	  oxygenation	  and	  complex	  nature	  of	  bio-­‐oil	  results	  in	  poor	  stability	  over	  long	  
periods	   of	   time.	   Compounds	   can	   spontaneously	   polymerize	   due	   to	   the	   presence	   of	  
double	   bonds46	   or	   undergo	   esterification	   and	   etherification	   reactions	   due	   to	   the	  
carbonyl	   and	   carboxyl	   groups	   present.47	   These	   reactions	   produce	   water	   while	  
simultaneously	   increasing	   the	   oil’s	   viscosity,	   which	   further	   degrades	   the	   product	  
quality.48	   Lower	   energy	   density,	   excess	   water,	   and	   higher	   viscosity	   in	   comparison	   to	  
conventional	   fossil	   fuels	   makes	   bio-­‐oils	   unattractive	   to	   transport	   and	   impacts	   their	  
widespread	  use.	  
2.1.2	  Gasification	  
Gasification	  is	  a	  thermochemical	  conversion	  technique	  performed	  between	  923	  
K	  and	  1273	  K,	  while	  in	  the	  presence	  of	  an	  oxidizing	  agent	  such	  as	  O2	  or	  H2O.	  Under	  these	  
conditions	  the	  polymeric	  structure	  of	  biomass	  decomposes	  into	  volatile	  compounds	  and	  
can	   deliver	   high	   yields	   of	   H2	   and	   CO,	   ideal	   for	   Fischer-­‐Tropsch	   synthesis.49	   Unlike	  
pyrolysis	  where	  solids	  and	  liquids	  are	  the	  desired	  product,	  gasification	  aims	  to	  convert	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biomass	  exclusively	  to	  gases	  that	  are	  useful	  fuels.	  In	  an	  ideal	  scenario,	  the	  only	  solid	  that	  
should	   remain	   after	   gasification	   is	   the	   natural	   ash	   (mineral	   content)	   present	   in	   real	  
biomass.	  
(i)	  General	  Reaction	  Pathway	  
Gasification	  is	  a	  complex	  process	  with	  many	  intertwining	  reactions.	  However,	  
many	  important	  gas	  phase	  reactions	  that	  occur	  during	  this	  process	  are	  well	  known,	  as	  
shown	  in	  Table	  2.2.	  
	  
Table	  2.2:	  List	  of	  Typical	  Reactions	  Observed	  During	  the	  Gasification	  of	  Biomass49	  




Partial	  Oxidation	   C+
1
2O! = CO!	  
-­‐110.5	   Eq.	  2.1	  
Complete	  Oxidation	   C+ O! = CO!	   -­‐393.5	   Eq.	  2.2	  
Methanation	   C+ 2H! = CH!	   -­‐74.9	   Eq.	  2.3	  
Water-­‐gas	  Shift	   CO+ H!O = CO! + H!	   -­‐41.2	   Eq.	  2.4	  
Steam	  Reforming	   CH! + H!O = CO+ 3H!	   206.1	   Eq.	  2.5	  
Water	  Gasification	   C+ H!O = CO+ H!	   131.3	   Eq.	  2.6	  
Boudourd	  Reaction	   C+ CO! = 2CO	   86.2	   Eq.	  2.7	  
	  
	  
Figure	   2.1	   plots	   the	   free	   energy	   versus	   temperature	   for	   the	   reactions	   listed	   in	  
Table	   2.2	   and	   shows	   that	   many	   reactions	   become	   more	   favorable	   at	   elevated	  
temperatures.	   Reactions	   such	   as	   the	   water-­‐gas	   shift	   (WGS)	   and	   the	   steam	   methane	  
reforming	  (SMR)	  reactions	  are	  more	  favorable	  at	  lower	  temperatures,	  however	  this	  can	  
be	  counter-­‐balanced	  by	  the	  faster	  kinetics	  at	  elevated	  temperatures.50	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Figure	  2.1:	  Gibbs	  Free	  Energy	  Change	  of	  Several	  Gasification	  Equations49,51,52	  
	  
An	   understanding	   of	   the	   gas	   phase	   reactions	   shown	   in	   Table	   2.2	   provides	  
excellent	  insight	  into	  the	  gasification	  reaction,	  however	  the	  mechanisms	  by	  which	  these	  
initial	  gases	  are	  produced	   from	  solid	  biomass	  are	  equally	  as	   important.	   It	   is	   suggested	  
that	   cellulose	   initially	   degrades	   to	   active	   cellulose	   (low	   DP),	   similar	   to	   the	   case	   of	  
pyrolysis.	  These	  small	  glucose	  oligomers	  then	  undergo	  further	  degradation	  above	  775	  K	  
whereby	   the	   β1à4	   glycosidic	   bonds	   are	   broken	   resulting	   in	   the	   formation	   of	  
compounds	  such	  as	  levoglucosan,	  anhydrides,	  and	  various	  oligosaccharides.	  These	  sugar	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molecules	   can	   then	   degrade	   to	   small	   organic	   acids,	   ketones,	   aldehydes,	   and	   alcohols,	  
which	  can	  gasify	  to	  permanent	  gases.53,54	  The	  presence	  of	  a	  mild	  oxidant	  (such	  as	  steam)	  
is	  beneficial	  promoting	  these	  gasification	  pathways.	  Steam	  reforming	  is	  commonly	  used	  
in	  industry	  to	  crack	  ringed	  hydrocarbons	  to	  olefins55,	  however	  studies	  have	  shown	  that	  
small	   oxygenates	   (≤C3)	   can	   also	   be	   successfully	   reformed	   to	   H2	   in	   the	   presence	   of	  
steam.56,57	  
(ii)	  Effect	  of	  Gasification	  Parameters	  
Table	   2.3	   summarizes	   the	   production	   of	   light	   gases	   for	   various	   types	   of	   feed-­‐
stock	  as	  a	  function	  of	  several	  key	  parameters:	  temperature,	  equivalence	  ratio	  (ER),	  and	  
steam	  to	  biomass	  ratio	  (SBR).	  Naturally,	  higher	  temperatures	  lead	  to	  an	  increased	  yield	  
of	  gas	  with	  greater	  selectivity	  towards	  lighter	  compounds	  such	  as	  H2	  and	  CO.	  However,	  
parameters	   such	  as	   the	  ER	  and	   SBR	  must	   also	  be	  optimized	   in	  order	   to	  maximize	   the	  
yield	  and	  modify	  the	  selectivity	  of	  the	  reaction	  towards	  the	  desired	  product.	  	  
The	   ER	   is	   defined	   as	   the	   gravimetric	   fuel-­‐to-­‐oxidizer	   ratio	   divided	   by	   the	  
stoichiometric	   fuel-­‐to-­‐oxidizer	   ratio;	   it	   is	   essentially	   a	   measure	   of	   the	   amount	   of	   O2	  
provided	  to	  the	  system.	  The	  SBR	  is	  defined	  as	  the	  mass	  of	  steam	  provided	  in	  comparison	  
to	  the	  mass	  of	  biomass	  fed	  to	  the	  system.	  From	  Table	  2.3,	  several	  sources	  show	  that	  the	  
presence	  of	   steam	   (SBR	  >	  0)	   can	  enhance	   the	   formation	  of	  H2.	   This	   is	   achieved	  either	  
through	  steam	  reforming	  reactions	  or	  via	  shift	  reactions	  such	  as	  the	  WGS	  (Eq.	  2.4).	  Char	  
content	  can	  also	  be	  reduced	  via	  the	  water	  gasification	  reaction	  at	  temperatures	  above	  
1000	  K.	  58	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The	  ER,	  although	  not	  analyzed	  in	  depth	  in	  Table	  2.3	  can	  also	  be	  used	  to	  promote	  
the	  conversion	  of	  biomass	   to	   light	  gases.	  O2	   is	  a	  much	  stronger	  oxidant	   than	  H2O	  and	  
therefore	  degrades	  biomass	  more	  effectively.	  Small	  amounts	  of	  O2	  have	  been	  shown	  to	  
increase	  H2	  and	  CO	  production	  while	  reducing	  the	  formation	  of	  char	  and	  tar.59	  However,	  
the	  amount	  must	  be	  strictly	  controlled	  in	  order	  to	  prevent	  the	  oxidation	  of	  the	  desired	  
products	  to	  H2O	  and	  CO2	  respectively.60	  
These	   results	   illustrate	   that	   higher	   process	   temperatures	   and	   the	   presence	   of	  
steam	  results	  in	  significantly	  more	  H2	  than	  pyrolysis,	  and	  that	  the	  selectivity	  towards	  H2	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Table	  2.3:	  Products	  from	  the	  Gasification	  of	  Biomass	  















79.5	   1073	   0	   0.08	   1.26	   52.1	   31.2	   5.1	   9.5	   N/A	  
89.8	   1073	   0	   0.5	   1.24	   59.1	   19.7	   6.0	   11.5	   N/A	  
Rice	  Hull62	  
31.32	   973	   0	   13.3	   0.41	   32.8	   29.3	   28.6	   4.7	   4.41	  
45.88	   1073	   0	   13.3	   0.71	   42.6	   20.0	   30.5	   3.0	   3.82	  
Rice	  
Husk63	  
N/A	   963	   0	   1.3	   N/A	   50.5	   14.3	   26.6	   8.6	   N/A	  
N/A	   1023	   0	   1.3	   N/A	   52.3	   17.9	   22.3	   7.4	   N/A	  
Rice	  
Husk64	  
84.10	   923	   0	   1.3	   1.03	   47.3	   11.3	   31.9	   9.6	   N/A	  
87.88	   1043	   0	   1.3	   1.21	   53.1	   17.9	   23.9	   5.2	   N/A	  
84.83	   1023	   0	   0.6	   1.05	   47.8	   27.5	   18.1	   6.6	   N/A	  
90.11	   1023	   0	   1.7	   1.21	   51.9	   17.4	   24.8	   5.9	   N/A	  
Cellulose65	  
N/A	   1073	   0.2	   0	   0.77	   28.0	   21.1	   43.7	   7.3	   N/A	  
N/A	   1273	   0.2	   0	   1.22	   44.3	   35.3	   16.3	   4.0	   N/A	  
N/A	   1073	   0.2	   1.5	   0.81	   29.6	   14.7	   51.5	   4.2	   N/A	  
Bagasse	  
Char66	  
27.0	   973	   0	   1.3	   0.380	   76.2	   9.8	   12.9	   1.1	   N/A	  
54.0	   1073	   0	   1.3	   0.68	   70.0	   14.8	   14.1	   1.1	   N/A	  
54.0	   973	   0	   10	   0.68	   70.3	   13.2	   15.3	   1.2	   N/A	  
81.0	   1073	   0	   10	   1.45	   67.6	   16.4	   15.5	   0.5	   N/A	  
Wood	  
Salvage67	  
11.4	   1023	   0	   0	   N/A	   14.9	   41.0	   8.5	   10.7	   24.9	  
53.9	   1023	   0	   0.8	   N/A	   21.1	   36.9	   13.7	   10.7	   17.7	  
48.9	   1223	   0	   0	   N/A	   34.6	   34.2	   14.3	   5.6	   11.3	  
82.6	   1223	   0	   0.8	   N/A	   36.2	   31.0	   16.2	   6.6	   10.0	  
Wood	  
Sawdust68	  
N/A	   1073	   0.2	   1.4	   1.07	   37.2	   17.4	   35.3	   7.6	   2.5	  
N/A	   1173	   0.2	   1.4	   1.52	   38.3	   19.3	   32.7	   8.0	   1.7	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(iii)	  Challenges	  
One	  of	  the	  major	  difficulties	  in	  implementing	  gasification	  on	  a	  large	  scale	  is	  the	  
issue	  of	  tar	  formation	  during	  the	  reaction.	  Tar	  is	  a	  general	  term	  for	  heavy	  hydrocarbons,	  
however	  there	  are	  several	  subclasses:	   (1)	  Light	  aromatic	   rings	  generally	  consist	  of	  one	  
benzene	  ring,	  will	  generally	  not	  condense	  and	  have	  some	  mild	  solubility	  in	  water.	  (2)	  As	  
the	  number	  of	   rings	  get	   larger	   (between	   two	   to	   seven)	   the	   tar	   is	  much	  more	   likely	   to	  
condense	   even	   at	   low	   concentrations.	   The	   temperature	   required	   to	   prevent	  
condensation	  also	  increases	  with	  the	  number	  of	  rings	  in	  the	  structure.69	  Tars	  can	  cause	  
reactor-­‐fouling,	  catalyst	  deactivation	  and	  are	  difficult	   to	  convert	   to	  useful	  compounds.	  
Research	   has	   shown	   that	   tars	   can	   be	   successfully	   cracked	   using	   H2O	   and	   even	   CO270,	  
however	  these	  processes	  require	  temperatures	  up	  to	  1473	  K	  and	  typically	  produce	  coke	  
as	   a	   by-­‐product.	   In	   order	   to	   gasify	   soot,	   temperatures	   in	   excess	   of	   1673	   K	   are	  
necessary.71	  To	  combat	  the	  need	  for	  higher	  temperatures,	  catalysts	  are	  very	  commonly	  
used72,	  but	  this	  will	  be	  will	  discussed	  in	  section	  2.1.4.	  
2.1.3	  Hydrothermal	  Hydrolysis	  
Hydrothermal	  hydrolysis	  is	  different	  to	  the	  aforementioned	  technologies	  in	  that	  
it	   utilizes	   pressure	   in	   conjunction	   with	   temperature	   to	   convert	   biomass	   to	   useful	  
products.	   The	   reaction	   is	   performed	   by	   placing	   biomass	   in	   a	   reactor	   with	   water	   and	  
pressuring	  the	  vessel	  to	  the	  critical	  point	  of	  water:	  650	  K	  at	  22	  MPa.	  Depending	  on	  the	  
reaction	   conditions,	   three	   main	   classes	   of	   product	   can	   be	   produced:	   coke,	   oil,	   and	  
gases.73	  Above	  the	  critical	  point,	  the	  water	  is	  a	  supercritical	  fluid	  and	  exhibits	  different	  
properties	   than	   at	   standard	   conditions.	   The	   permittivity	   (polarity)	   of	  water	   decreases	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and	  the	  hydrogen	  bonds	  are	  weaker,	  resulting	  in	  a	  fluid	  that	  behaves	  more	  like	  a	  non-­‐
polar	   solvent.	   This	   along	   with	   its	   increased	   miscibility	   with	   gases	   creates	   an	   ideal	  
environment	   for	   the	   thermochemical	   conversion	   of	   biomass	   by	   enhancing	   the	  
dissolution	  of	  organic	  compounds.74	  Reduction	  in	  viscosity	  also	  results	  in	  enhanced	  heat	  
and	  mass	   transfer	   characteristics.	   Furthermore,	   under	   such	   extreme	   conditions,	   auto-­‐
dissociation	   occurs,	   resulting	   in	   increased	   concentrations	   of	   active	   ionic	   species	  
𝐻!𝑂!and	  𝑂𝐻!.75	  
The	   types	  of	  products	   that	   are	   formed	  during	  hydrothermal	  hydrolysis	  depend	  
on	  the	  pressure	  and	  temperature	  selected.	  Below	  temperatures	  and	  pressures	  of	  647	  K	  
and	  10MPa	   respectively,	   the	  primary	  product	   is	   coke	  along	  with	   small	   amounts	  of	  H2.	  
Due	  to	  the	  low	  pressure,	  this	  reaction	  yields	  similar	  results	  to	  low	  temperature	  pyrolysis	  
processes:	   char.	   As	   pressure	   increases	   between	   10MPa	   and	   22MPa,	   and	   the	  
temperature	  is	  kept	  between	  423	  K	  and	  647	  K,	  the	  primary	  products	  are	  large	  aqueous	  
oils	   such	   as	   furans.	   These	   species	   can	   then	   form	   phenols	   and	   aromatic	   species,	  
precursors	  to	  tar.76	  At	  the	  temperature	  and	  pressure	  begins	  to	  exceed	  646	  K	  and	  22	  MPa	  
respectively,	  gaseous	  compounds	  such	  as	  CH4	  and	  H2	  become	  dominant73,	  which	  stems	  
from	  the	  gasification	  of	  small	  intermediates	  such	  as	  acids,	  aldehydes	  and	  ketones.76	  
Williams	   &	   Onwudilli	   investigated	   the	   effect	   of	   sub-­‐critical	   and	   supercritical	  
water	   gasification	   on	   the	   gaseous	   yields	   from	   cellulose	   and	   cassava	   biomass.	   They	  
observed	  that	  42%	  and	  52%	  of	  the	  hydrogen	  in	  cellulose	  ends	  up	  as	  H2,	  at	  623	  K	  (sub-­‐
critical)	  and	  at	  653	  K	  (super-­‐critical)	  respectively.	  This	  was	  also	  accompanied	  by	  a	  shift	  in	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the	  distribution	  of	  carbon	  from	  char	  to	  CO2.77	  The	  yield	  of	  H2	   is	  significant	  despite	  the	  
relatively	  mild	  temperatures	  used,	  but	  this	  due	  to	  the	  significant	  pressure	  of	  the	  system.	  	  
(i)	  General	  Reaction	  Pathway	  
It	  is	  suggested	  that	  the	  sub-­‐critical	  and	  super-­‐critical	  reaction	  conditions	  result	  in	  
very	  similar	  reaction	  pathways	  for	  cellulose.	  The	  primary	  theory	  is	  that	  cellulose	  is	  first	  
hydrolyzed	   under	   these	   conditions	   to	   form	  water-­‐soluble	   sugars.78	   These	   sugars	   then	  
undergo	  a	  series	  of	  water	  elimination,	  aldol	  splitting/condensation	  and	  rearrangement	  
reactions	  to	  form	  short	  chained	  aldehydes,	  ketones	  and	  organic	  acids,	  with	  competing	  
mechanisms	   to	   fufural	   derivatives	   and	   phenols.79,80	   These	   small	   molecules	   can	   then	  
gasify	   to	   light	   gases.	   Their	   conversion	   may	   also	   be	   aided	   by	   the	   presence	   of	   large	  
amount	   of	   water	   than	   can	   promote	   the	   steam	   reforming	   mechanism.	   Furfurals	   and	  
phenols	  on	  the	  other	  hand	  can	  decompose	  under	  supercritical	  conditions,	  but	  they	  can	  
form	  tar	  and	  coke.81	  	  
Many	   studies	  have	  been	  published	  on	   the	   conversion	  of	   the	  model	   compound	  
glucose	   in	   SCW.	   Kruse	   et	   al.	   summarized	   the	   results	   of	   these	   studies	   and	   found	   that	  
glucose	   undergoes	   dehydration	   to	   leveglucosan	   or	   aldol	   splitting	   to	   erythrose	   and	  
glycoaldehyde.	  These	  products	  then	  undergo	  ring	  opening	  to	  forms	  numerous	  types	  of	  
organic	   acids	   such	   as	   formic	   and	   acetic	  which	   gasify	   to	  H2	   and	  CH4	   respectively	   if	   the	  
temperature	   is	   high	   enough.73	   Although	   the	   aforementioned	   statement	   refers	   to	  
glucose,	   it	   is	   worth	   considering	   the	   following;	   since	   the	   first	   step	   of	   cellulose	  
degradation	   is	   hydrolysis	   to	   sugars	   (e.g.	   glucose),	   mechanisms	   regarding	   glucose	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degradation	   provide	   useful	   information	   to	   understand	   the	   conversion	   of	   cellulose	   to	  
light	  gases.73	  	  
During	   the	   supercritical	   reaction,	   H2	   and	   CO2	   are	   invariably	   the	   dominant	  
products	  of	  the	  reaction	  with	  extensive	  literature	  available	  for	  various	  types	  of	  biomass:	  
Glucose82,83,	   Starch84,	   Cellulose85,	   Sawdust86,	   Corn	   stalk87,	   Cotton	   stalk87,	   Sunflower	  
stalk87,	   and	   Sewage	   sludge88.	   The	   amount	   of	   CO	   produced	   in	   these	   studies	   was	  
significantly	   suppressed,	   while	   CH4	   was	   always	   significant.	   Under	   subcritical	   and	  
supercritical	   conditions	   methanation89	   and	   the	  WGS90	   are	   shifted	   in	   the	   favor	   of	   the	  
products,	  thus	  explaining	  the	  relatively	  high	  levels	  of	  H2,	  CO2,	  and	  CH4.	  
(ii)	  Challenges	  
Hydrothermal	   hydrolysis	   is	   an	   attractive	   method	   of	   converting	   biomass	   to	   H2	  
with	  a	  high	  yield.	  One	  of	   the	  advantages	  of	   the	  hydrothermal	   treatment	  of	  biomass	   is	  
that	  wet	  biomass	  can	  be	  treated	  since	  the	  reaction	  occurs	  in	  excess	  water.	  Furthermore	  
since	  the	  reaction	  occurs	  under	  pressure,	  keeping	  the	  water	  in	  its	  liquid	  state	  minimize	  
the	  energy	  used	   to	  vaporize	  water	  cost	  when	  heating	  mixture	  above	  373	  K.	  However,	  
the	   energetic	   requirements	   of	   heating	   up	   a	   large	   volume	   of	   water	   for	   hydrothermal	  
processing	   is	   still	   considerable	  when	   compared	   to	   the	  moisture	   content	   of	   biomass.91	  
Furthermore,	  if	  wet	  biomass	  is	  used,	  the	  energy	  density	  of	  the	  added	  solids	  is	  reduced	  
thus	   further	   impacting	   the	  energetic	  efficiency	  of	   the	  process.	   It	  would	  seem	  that	   this	  
process	  also	  favors	  a	  dry	  feed-­‐stock.73	   In	  terms	  of	  scalability,	  gasification	  and	  pyrolysis	  
have	   clear	   advantages	   since	   they	   do	   not	   require	   reactors	   that	   are	   resistant	   to	   the	  
corrosive	  environment	  present	  during	  hydrothermal	  hydrolysis.	  Furthermore,	  such	  high-­‐
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pressures	   reaction	   require	   batch	   processing	   as	   opposed	   to	   a	   continuous	   feed.	   If	   the	  
desired	  product	  is	  H2,	  gasification	  is	  the	  easiest	  to	  scale	  but	  requires	  high	  temperatures	  
in	   order	   to	   give	   suitable	   yields.	   All	   of	   these	   processes	   however,	   can	   be	   enhanced	  
through	  the	  use	  of	  additives	  and	  catalysts.	  
2.1.4	  The	  Effect	  of	  Additives	  and	  Catalysts	  
(i)	  Metal-­‐Based	  Catalysts	  
The	   use	   of	   supported	   transition	   metals	   is	   one	   of	   the	   most	   commonly	   used	  
catalytic	   materials.	   Countless	   catalysts	   can	   be	   synthesized	   by	   altering	   metal	   loading,	  
metal	  type,	  metal	  alloys,	  support	  type,	  and	  support	  structure.	  In	  this	  section	  Nickel	  will	  
be	   discussed	   specifically	   since	   it	   is	   the	   primary	   catalyst	   that	   is	   used	   in	   the	   studies	  
contained	  in	  this	  thesis.	  
Nickel	   is	   one	   of	   the	  most	   popular	   catalytic	  metals	   due	   to	   its	   low	   cost,	   proven	  
catalytic	  reforming	  ability,	  and	  ability	  to	  promote	  H2	  yield	  from	  various	  feed-­‐stocks	  in	  a	  
multitude	  of	  reaction	  conditions.92-­‐99	  The	  most	  important	  component	  of	  a	  catalyst	  is	  its	  
support;	   factors	   such	  as	   surface	  area,	  pore	   size	  distribution,	   support	   interactions,	   and	  
support	  stability	  all	  play	  a	  role	  in	  developing	  a	  successful	  catalyst.	  	  
A	  study	  investigated	  the	  activity	  of	  ZSM-­‐5	  impregnated	  with	  Ni	  found	  that	  at	  773	  
K,	  the	  addition	  of	  Ni	  is	  effective	  at	  reducing	  the	  oxygen	  content	  of	  the	  product	  over	  pure	  
ZSM-­‐5	  as	  well	  as	  slightly	  promoting	  H2	  production	  during	  the	  pyrolysis	  of	  beech	  wood.100	  
Buchireddy	  et	  al.	  discovered	  that	  Ni	  modified	  Y-­‐zeolite	  had	  good	  activity	  at	  converting	  
the	  tar	  model	  compound	  naphthalene,	  and	  that	  this	  activity	  was	  attributed	  to	  the	  ability	  
of	  Ni	  to	  promote	  the	  steam	  reforming	  and	  methanation	  reactions.	  However,	  due	  to	  the	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high	  acidity,	   the	  support	  was	  unstable	  at	  higher	   temperatures	  greater	   than	  773	  K	  and	  
suffered	  permanent	  deactivation.98	  	  
Even	   when	   compared	   to	   a	   noble	   metal	   such	   as	   Rhodium,	   Nickel	   is	   still	   the	  
preferred	  metal.	  Inaba	  et	  al.	  tested	  the	  activity	  of	  Ni	  and	  Rh	  on	  several	  zeolites,	  CeSiO2	  
and	  ZrO2	  in	  order	  to	  probe	  their	  activity	  on	  the	  upgrading	  of	  gasification	  products	  at	  873	  
K.	  Their	  results	  showed	  that	  the	  Ni	  based	  catalyst	  was	  more	  effective	  at	  generating	  H2,	  
however	   Rh	   was	   more	   effective	   at	   converting	   more	   of	   the	   hydrogen	   content	   in	   the	  
biomass	  to	  gaseous	  products.	  Despite	  this,	   the	  authors	  believed	  that	   the	  cost	  of	  Rh	   in	  
comparison	  to	  Ni	  outweighed	  its	  marginal	  benefit,	  thus	  the	  authors	  suggested	  the	  use	  of	  
a	  Ni/Ce/H-­‐ZSM-­‐5	  catalyst	  over	  Rh/CeSiO2.	  
In	  the	  latter	  example,	  the	  modification	  of	  the	  support	  with	  ceria	  was	  of	  particular	  
importance	  as	  it	  enhanced	  H2	  production,	  enhanced	  tar	  cracking,	  and	  prevented	  catalyst	  
coking	  at	  773	  K.99	  Ceria	   is	  a	  very	  common	  dopant	   in	  catalyst	  supports	  and	  can	  also	  be	  
used	  as	  a	  standalone	  catalytic	  support.	   It	   is	  very	  commonly	  used	  in	  biomass	  reforming	  
applications	   due	   to	   its	   oxygen	   storage	   capacity.101	   This	   property	   is	   critical	   in	   the	  
deoxygenation	   of	   biomass	   derivatives.102-­‐104	   More	   information	   on	   zeolites,	   alternate	  
metals	  and	  nickel	  alloys	  can	  be	  found	  in	  Chapter	  7.	  
(ii)	  Oxides,	  Carbonates	  and	  Salts	  
Although	  metal	  catalysts	  are	  commonly	  used,	  the	  use	  of	  inorganic	  additives	  is	  
also	  well	  studied.	  	  Chen	  et	  al.	  investigated	  the	  effect	  of	  Cr2O3,	  MnO,	  FeO,	  Al2O3,	  CaO,	  
Na2CO3	  and	  CuO	  on	  the	  formation	  of	  gases	  during	  rice	  star	  and	  sawdust	  pyrolysis	  and	  
gasification.	  At	  the	  tested	  temperatures	  of	  773	  K,	  1023	  K	  and	  1123	  K	  most	  of	  the	  oxides	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were	  largely	  ineffective	  at	  promoting	  the	  H2	  yield	  from	  the	  tested	  biomass,	  with	  the	  
exception	  of	  Cr2O3,	  which	  increased	  the	  amount	  of	  H2	  produced	  by	  approximately	  
25%.105	  
Stefanidis	   et	   al.	   tested	   various	   oxides	   and	   found	   that	   of	   the	   15	   tested	   oxides,	  
liquid	  yields	  decreased	  in	  all	  cases,	  accompanied	  by	  an	  increase	  in	  the	  yield	  of	  gas.	  The	  
primary	   gases	   produced	  were	   CO	   and	   CO2,	  with	  NiO-­‐MgO	   and	   ZrO2-­‐TiO2	   leading	   to	   a	  
50%	   increase	   in	   CO2	   produced.	   ZrO2-­‐TiO2	   was	   the	   most	   effective	   at	   increasing	   the	  
amount	  of	  H2	  from	  0.05wt%	  yield	  to	  0.28wt%.	  However,	  based	  on	  the	  hydrogen	  content	  
of	   the	  woody	  biomass	  used,	   this	  only	  equates	  to	  a	  4%	  yield	  of	  hydrogen,	  which	   is	  still	  
very	  low.	  The	  increase	  in	  gaseous	  products	  was	  also	  accompanied	  by	  an	  increase	  is	  coke	  
and	   char,	   indicating	   that	   the	   active	   oxides	   reform	   organic	   compounds	   to	   gases	  while	  
simultaneously	   producing	   char/coke.106	   Nokkosmaki	   et	   al.	   also	   found	   similar	   results	  
when	  using	  ZnO	  to	  enhance	  the	  pyrolysis	  of	  pine	  wood	  through	  the	  cracking	  heavier	  oils	  
fraction	  to	  lighter	  oils,	  gas	  and	  coke.107	  
Carbonates	  on	  the	  other	  hand	  are	  not	  very	  effective	  at	  promoting	  gaseous	  yields	  
or	  affecting	  selectivity.105,108	  However,	  they	  have	  been	  shown	  to	  be	  effective	  at	  reducing	  
coke	  formation	  during	  the	  pyrolysis	  of	  model	  compound	  n-­‐heptane.109,110	  
Real	  biomass	  also	  contains	  certain	  percentages	  of	  ash	   (mineral	  content),	  which	  
could	  potentially	   create	  a	   catalytic	  effect	  during	  pyrolysis	  of	  gasification.	  Williams	  and	  
Horne	  investigated	  the	  effect	  of	  metals	  salts	  (CuSO4,	  NaCl,	  ZnCl2,	  NiCl,	  Na2CO3,	  FeSO4)	  on	  
the	   pyrolysis	   of	   biomass	   and	   found	   that	   in	   general	   these	   additives	   reduced	   liquid	  
formation	   while	   enhancing	   char	   and	   gaseous	   yields.	   Na2CO3,	   NiCl	   and	   ZnCl2	   roughly	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doubled	  the	  H2	  yield	  from	  pure	  cellulose	  pyrolysis111;	  however	  since	  cellulose	  pyrolysis	  
yields	  low	  levels	  of	  H2,	  this	  is	  not	  a	  significant	  result.	  
The	   most	   interesting	   oxide	   is	   CaO,	   which	   is	   documented	   to	   some	   degree	   in	  
literature.	  CaO	  has	  been	  reported	  to	  promote	  the	  water-­‐gas	  shift	   (WGS)	  reaction,	  and	  
hence,	  H2	  production	  by	  acting	  as	  a	  CO2	  sorbent.105,112-­‐116	  Others	  also	  reported	  that	  CaO	  
effectively	  improves	  gaseous	  yields	  through	  the	  cracking	  of	  tars	  and	  gasification	  of	  chars	  
to	   light	   gases	   during	   biomass	   conversion.112,116,117	   CaO	   is	   also	   active	   at	   reducing	   the	  
concentrations	   of	   organic	   acids,	   while	   increasing	   the	   concentration	   of	   cyclic	  
oxygenates.118	  
2.2	  Research	  Interest	  
	   In	  section	  2.1,	  many	  technologies	  to	  convert	  biomass	  into	  useful	  chemicals	  and	  
fuels	  were	  discussed.	  While	  it	  is	  possible	  to	  capture	  CO2	  during	  these	  processes,	  it	  is	  not	  
truly	  integrated	  into	  the	  reaction	  scheme.	  However,	  there	  is	  a	  reaction	  that	  can	  produce	  
H2	  while	  simultaneously	  suppressing	  carbonaceous	  side	  products:	  The	  Alkaline	  Thermal	  
Treatment	  Reaction.	  
2.2.1	  The	  Alkaline	  Thermal	  Treatment	  Reaction	  
Given	  the	  discussion	  of	  metal	  oxides	  (especially	  CaO)	  in	  section	  2.1.4,	  it	  is	  logical	  
to	  proceed	  into	  a	  discussion	  about	  its	  analogue,	  Ca(OH)2	  and	  other	  associated	  Group	  I	  &	  
II	  hydroxides.	  The	  most	  common	  Group	  I	  hydroxide	  is	  NaOH,	  which	  has	  been	  used	  in	  a	  
variety	   of	   biomass	   conversion	   applications.	   It	   is	   well	   reported	   that	   NaOH	   is	   a	   useful	  
additive	  in	  the	  pretreatment	  of	  biomass	  prior	  to	  enzymatic	  conversion	  to	  ethanol119-­‐121	  
or	  biogas122,	  as	  it	  degrades	  biomass	  into	  smaller	  fermentable	  products.	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The	  consensus	  of	   the	  mechanism	  of	  NaOH	  on	  cellulose	  degradation	   is	   that	   the	  
OH-­‐	   cleaves	   the	   C-­‐O	   bonds	   in	   order	   to	   form	   smaller	   chains	   of	   glucose	   polymers.	   At	  
temperatures	  below	  443	  K	  hydrolysis	  of	  the	  β1à4	  gylcosidic	  bonds	  on	  the	  terminal	  end	  
of	  the	  cellulose	  polymer	  occurs,	  while	  at	  temperatures	  above	  443	  K	  hydrolysis	  occurs	  at	  
any	   C-­‐O	   linkage.123-­‐125	   This	   results	   in	   a	   significant	   reduction	   in	  molecular	   weight,	   and	  
depending	   on	   the	   strength	   of	   the	   base,	   fragmentation	   ultimately	   leads	   to	   small	  
molecules.126	   While	   pretreatment	   methods	   are	   of	   interest,	   this	   thesis	   shall	   focus	  
exclusively	  on	  the	  direct	  conversion	  of	  cellulose	  to	  light	  gases.	  
The	  most	  common	  method	  of	  reacting	  NaOH	  with	  biomass	  to	  produce	  gases	  is	  in	  
the	   aqueous	   phase	   under	   sub-­‐critical	   or	   super	   critical	   conditions.	   Wantanabe	   et	   al.	  
found	   that	   the	   H2	   yield	   from	   cellulose	   could	   be	   increased	   by	   an	   order	   of	   magnitude	  
when	   1	  M	  NaOH	   solution	  was	   used	   instead	   of	  water	   at	   713	   K	   and	   35	  MPa.	   This	  was	  
coupled	  with	  a	  substantial	   increase	  in	  organic	  carbon	  content	  through	  the	  carbonation	  
of	  CO2,	  which	  in	  turn	  promoted	  the	  WGS	  reaction.127	  Numerous	  sources	  have	  observed	  
that	  NaOH	  reduces	  CO	  and	  CO2	  production	  coupled	  with	  enhanced	  H2	  production.91,127-­‐
130	  The	  presence	  of	  a	   strong	  base	  enhances	   the	  WGS	   reaction	   through	  carbonation	  of	  
CO2	  to	  Na2CO3.	  	  
Under	  supercritical	  conditions	  cellulose	  degrades	  to	  sodium	  formate	  and	  sodium	  
acetate	   in	   the	   presence	   of	   an	   NaOH	   solution.	   Sodium	   formate	   gasifies	   to	   H2	   while	  
sodium	   acetate	   gasifies	   to	   CH4	   or	   H2	   depending	   on	   the	   reaction	   conditions.126,131	   Our	  
group	  has	  also	  observed	  similar	  results	  at	  ambient	  temperatures.	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The	   use	   of	   high	   pressures	   and	   specialized	   reactors	   for	   SCW	   gasification	   led	  
researchers	   to	   investigate	   the	  effects	  of	  alkali	  materials	  at	  ambient	  conditions	   in	  non-­‐
aqueous	  mediums.	   Ishida	   et	   al.	   showed	   that	   carbon	   could	   produce	   H2	   when	   reacted	  
with	  Group	  I	  hydroxides	  at	  ambient	  pressure	  and	  temperatures	  of	  873	  K.132	  The	  group	  
then	   showed	   that	   this	   reaction	   was	   possible	   with	   cellulose,	   and	   indicated	   that	   high	  
purity	  H2	  could	  be	  achieved	  with	  suppressed	  CO	  and	  CO2	  at	  573	  K.133	  The	  reaction	  was	  
then	   enhanced	   via	   a	  Ni/ZrO2	   catalyst.97	  Our	   group	   investigated	   these	   results	   and	   also	  
found	  that	  Group	  I	  alkali	  metals	  were	  highly	  effective	  at	  promoting	  H2	  and	  suppressing	  
carbonaceous	  side-­‐products.43,134	  
Simply,	  the	  reaction	  between	  cellulose	  and	  NaOH	  can	  be	  expressed	  as	  follows:	  
C6H10O5(s)	  +	  12NaOH(s)	  +	  H2O(g)	  à	  6Na2CO3(s)	  +	  12H2(g)	   Eq.	  2.8	  
The	  efficacy	  of	  NaOH	  in	  producing	  H2	  lies	  in	  its	  ability	  not	  only	  to	  fragment	  cellulose135-­‐
137,	  but	  also	  increase	  cellulose	  dissolution.138	  Furthermore	  the	  CO2	  produced	  during	  this	  
reaction	   is	   captured	   as	   a	   solid	   carbonate,	   thus	   generating	   H2	   with	   little	   or	   no	   CO2.	  
Comparison	   of	   literature	   regarding	   the	   SCW	   reaction	   with	   NaOH	   and	   ATT	   reaction	  
suggests	   that	   the	  hydroxyl	   group	  may	  allow	   for	  H2	  generation	   from	  cellulose	  at	   lower	  
temperatures	  and	  pressures.	  92,133,134	  
Despite	  the	  desirable	  properties	  of	  NaOH	  as	  a	  reactant,	  it	  has	  a	  cost	  of	  $921	  per	  
ton.139	  On	  the	  other	  hand,	  group	   II	  hydroxides	  such	  as	  Mg(OH)2	  and	  Ca(OH)2	   	  are	   less	  
expensive	  at	  $74/ton	  and	  $250/ton,	  respectively.139	  While	  Group	  II	  hydroxides	  and	  their	  
complementary	  oxides	  are	  interesting	  choices	  due	  to	  their	  lower	  cost	  and	  potential	  for	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carbon	  capture,	  the	  main	  challenge	  is	  that	  they	  are	  weak	  bases	  with	  poor	  solubility	  and	  
will	  decompose	  at	  elevated	  temperatures.	  
There	   is	   extensive	   literature	   of	   the	   use	   of	   Ca(OH)2	   (and	   its	   counterpart	   CaO),	  
however	  the	  majority	  of	  studies	  utilizes	  Ca(OH)2	  as	  a	  CO2	  sorbent	   in	  order	  to	  promote	  
the	   WGS	   reaction.	   Consequently	   Ca(OH)2	   is	   considered	   as	   a	   catalyst	   and	   a	   CO2	  
sorbent.112,114,115,140-­‐143	   Similarly	   our	   previous	   study	   on	   the	   enhanced	  WGS	   reaction	   in	  
the	   presence	   of	   Mg(OH)2	   slurry	   revealed	   that	   in-­‐situ	   mineralization	   of	   CO2	   can	  
significantly	  improve	  the	  H2	  formation	  from	  syn-­‐gas.144	  
Under	  pyrolysis	  conditions,	  Wang	  et	  al.	  found	  that	  the	  inclusions	  of	  Ca(OH)2	  can	  
increase	  the	  yield	  of	  H2	  while	  modifying	  the	  composition	  of	  the	  produced	   liquids	  from	  
furans	  and	   sugars	   to	  alcohols,	   yet	   the	  effect	  was	   limited	  under	   these	   conditions.145	   In	  
the	   gasification	   regime,	   CaO	   has	   also	   shown	   some	   effect	   at	   converting	   a	   model	   tar	  
mixtures	  to	  H2146,147,	  as	  well	  as	  tar	  during	  real	  biomass	  conversion	  processes.148	  Ca(OH)2	  
was	   also	   shown	   to	   reduce	   tar	   formation	   and	   increase	   H2	   formation.43,142	   In	   the	   SCW	  
regime,	   the	   effect	   of	   Ca(OH)2	   in	   the	   degradation	   of	   volatile	   matter	   to	   H2	   while	  
simultaneously	  capturing	  CO2	  has	  also	  been	  observed.149	  However,	  compared	  to	  Group	  I	  
hydroxides	   the	   H2	   yield	   is	   lower.128,129	   It	   should	   be	   noted	   that	   although	   CaO	   is	   not	   a	  
hydroxide,	   it	   is	  mentioned	  since	  many	  of	   the	  conditions	  used	  by	  authors	   (e.g.	  1073	  K)	  
are	  far	  above	  the	  decomposition	  temperature	  of	  Ca(OH)2,	  which	  decomposes	  to	  CaO	  at	  
673	  K.	  
Despite	   these	   results,	   there	   is	   limited	   research	   available	  on	   the	  mechanism	  by	  
which	  Ca(OH)2	  converts	  biomass	  light	  gases.	  Fundamental	  studies	  done	  on	  biomass	  has	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shown	   that	   the	   alkaline	   degradation	   of	   cellulose	   is	   a	   complex	   multi-­‐step	   process	  
including	  end-­‐wise	  degradation	  (also	  known	  as	  ‘peeling’	  or	  ‘unzipping’),	  random	  alkaline	  
scission	   as	  well	   as	  oxidative	   alkaline	  degradation.123,124	   In	   the	  presence	  of	   alkali,	  main	  
degradation	   products	   of	   cellulose	   via	   the	   peeling	   process	   is	   3-­‐deoxy-­‐2-­‐C-­‐
(hydroxymethyl)-­‐erythro-­‐	   and	   threo-­‐pen-­‐tonic	   acids	   (D-­‐glucoisosaccharinic	   	   acids).124	  
The	   addition	   of	   calcium	   ions	   has	   been	   shown	   to	   enhance	   such	   cellulose	   degradation	  
process	   by	   catalyzing	   the	   conversion	   of	   cellulose	   decomposition	   intermediates	   to	   D-­‐
glucoisosaccharinic	  acids.135	  At	   temperatures	  above	  443	  K,	   random	  alkaline	  scission	  of	  
the	  β-­‐1,4-­‐glycosidic	  linkages	  also	  occurs	  and	  thus	  results	  in	  further	  cellulose	  degradation	  
through	  the	  “peeling”	  of	  the	  cellulose	  fragments.125	  Studies	  on	  the	  alkaline	  degradation	  
of	   monosaccharides	   explain	   how	   calcium	   catalyzes	   benzilic	   acid	   rearrangement	   to	  
promote	   the	   production	   of	   glucoisosaccharinic	   acids,	   whereas	   NaOH	   degrades	  
monosaccharides	  via	  the	  fragmentation	  to	  glycolic	  and	  formic	  acids.136,137	  
2.2.2	  Thesis	  Objective	  
As	  discussed	  in	  Chapter	  1,	  biomass	  has	  a	  very	  low	  energy	  density;	  therefore	  the	  
conversion	   of	   biomass	   to	   useful	   energy	   should	   be	   conducted	   on	   a	   distributed	   scale.	  
Consequently,	   safety	   and	   simplicity	   are	   key	   requirements	   in	   order	   to	   have	   a	   viable	  
technology	   that	   can	   be	   rolled	   out	   and	   operated	   on	   a	   more	   local	   level.	   The	   Alkaline	  
Thermal	   Treatment	   reaction	   seems	   to	   be	   a	   very	   promising	  method	   to	   generate	   high	  
purity	   H2	   at	   low	   temperatures	   and	   pressures	   based	   on	   previous	   work.97,132-­‐134,	   The	  
reaction	  has	  the	  benefit	  of	  a	  simple	  reaction	  scheme	  that	  incorporates	  CO2	  capture	  with	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energy	  production	  thus	  creating	  a	  BECCS	  process.	  Furthermore,	  the	  use	  of	  steam	  in	  the	  
process	  eliminates	  the	  need	  for	  dry	  biomass,	  which	  provides	  an	  additional	  advantage.	  
Throughout	   the	  work	  presented	   in	   this	   thesis	   there	  are	   several	   objectives	   that	  
act	  as	  guidelines	  in	  developing	  a	  suitable	  technology,	  which	  are:	  
1. Production	  of	  high	  purity	  H2	  
2. Suppression	  of	  CO2	  formation	  
3. Operation	  at	  moderate	  temperature	  and	  ambient	  pressure	  
4. Small-­‐scale	  and	  distributed	  
5. Chemically	  safe	  and	  economically	  feasible	  
In	  order	  to	  gauge	  the	  potential	  of	  the	  ATT	  reaction,	  various	  hydroxides	  must	  be	  
considered.	  NaOH	  has	  the	  advantage	  of	  high	  chemical	  reactivity	  while	  Ca(OH)2	  has	  the	  
advantage	  of	  chemical	  safety,	   lower	  cost	  and	  potential	  sourcing	  from	  industrial	  wastes	  
(e.g.,	   steel	   slags,	   waste	   cements,	   etc.)	   or	   natural	   silicate	   minerals	   (e.g.,	   wollastonite,	  
serpentine,	  etc.).150,151	  As	  an	  example,	  stainless	  steel	  slag,	  of	  which	  40%	  of	  the	  output	  is	  
stockpiled	  and	  can	  contain	  CaO	  contents	  of	  up	  to	  12%.152	  
	   This	  thesis	  will	  investigate	  the	  utilization	  of	  various	  group	  I	  &	  II	  hydroxides	  in	  the	  
ATT	   reaction,	   with	   cellulose	   being	   chosen	   as	   a	   model	   biomass	   compound.	   In	   theory	  
group	  II	  hydroxides	  follow	  a	  similar	  stoichiometry	  to	  that	  of	  Group	  I	  (Eq.	  2.8).	  
C6H10O5(s)	  +	  6Ca(OH)2(s)	  +	  H2O(g)	  à	  6CaCO3(s)	  +	  12H2(g)	   Eq.	  2.9	  
In	  this	  thesis	  we	  seek	  to	  explore	  the	  ATT	  reaction	  scheme,	  with	  a	  specific	  focus	  on	  Group	  
II	   hydroxides.	   Through	   an	   understanding	   of	   the	   intermediates	   and	   general	   reaction	  
pathways,	  we	  aim	  to	  determine	  how	  the	  process	  can	  be	  improved.	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CHAPTER	  3	  
3. Experimental	  Techniques	  and	  Procedures	  
3.1	  Description	  of	  the	  General	  Reaction	  Scheme	  
The	  experimental	  method	  used	  to	  perform	  and	  analyze	  the	  Alkaline	  Thermal	  Treatment	  
reaction	  can	  be	  broken	  down	  into	  four	  separate	  parts:	  Thermochemical	  Conversion,	  Gas	  
Analysis,	  Liquid	  Analysis,	  and	  Solid	  Analysis.	  
	  
	  
Figure	  3.1:	  Graphical	  Illustration	  of	  the	  General	  Reaction	  Scheme	  
	  
Figure	  3.1	  shows	  a	  general	  illustration	  of	  a	  typical	  thermochemical	  reaction	  for	  the	  ATT	  
of	  cellulose,	  with	  each	  product	  stream	  annotated	  with	  a	  specific	  section	  of	   thesis	   that	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can	  provide	  further.	  In	  short,	  gaseous	  analysis	  focuses	  on	  the	  quantitative	  measurement	  
of	  light	  gases	  in	  order	  to	  gauge	  the	  efficacy	  of	  the	  ATT	  reaction	  by	  determining	  H2	  and	  
CO2	   yields.	   Liquid	   analysis	   focuses	   on	   the	   qualitative	   identification	   of	   condensable	  
intermediates	   and	   products	   that	   are	   present	   during	   the	   ATT	   reaction.	   Solid	   analysis	  
focuses	  on	  determining	  the	  BECCS	  potential	  of	  the	  reaction	  by	  determining	  the	  fate	  of	  
carbon	  during	  the	  after	  the	  reaction.	  
3.2	  Thermochemical	  Reactor	  for	  the	  ATT	  Reaction153	  
All	   thermochemical	   reactions	   detailed	   in	   this	   thesis	   were	   performed	   using	   a	  
Micromeritics	   Microactivity	   Reactor.	   The	   reactor	   is	   fully	   automated,	   which	   improves	  
efficiency	  and	  increases	  experimental	  accuracy.	  A	  flow	  diagram	  of	  the	  unit	   is	  shown	  in	  
Figure	  3.2,	  which	  highlights	  some	  of	  the	  most	  important	  parts	  of	  the	  instrument.	  
	  
	  
Figure	  3.2:	  Schematic	  of	  the	  Micromeritics	  Microactivity	  Reactor	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3.2.1	  Controlling	  the	  Flow-­‐rate	  of	  Carrier	  Gas	  
The	  Bronkhurst	  F-­‐201CV	  flow	  controllers	  regulate	  the	  flow	  of	  carrier	  or	  reactive	  
gases	   into	   the	  Microreactor.	   For	   the	   ATT	   experiments,	   a	   carrier	   gas	   of	   N2	   is	   used	   to	  
continuously	  sweep	  the	  product	  gases	  out	  of	  the	  reaction	  zone	  for	  analysis.	  As	  shown	  in	  
Figure	  3.2,	  up	  to	  three	  gases	  can	  be	  injected	  simultaneously	  at	  flow-­‐rates	  ranging	  from	  
5mL/min	   to	   200mL/min.	   The	   gases	   then	   mix	   at	   mixing	   point	   A	   prior	   to	   entering	   the	  
hotbox.	   One-­‐way	   valves	   are	   placed	   after	   each	   controller	   to	   prevent	   back-­‐mixing.	   The	  
controllers	  are	  calibrated	  for	  N2	  tank	  inlet	  pressures	  of	  50	  bars.	  If	  alternate	  gases	  or	  inlet	  
pressures	   are	   desired,	   correction	   factors	   can	   be	   used	   to	   recalibrate	   the	   controllers.	  
However,	  it	  is	  recommended	  that	  these	  controllers	  be	  calibrated	  at	  least	  once	  a	  year.	  
3.2.2	  Steam	  Injection	  for	  the	  ATT	  Reaction	  
The	  flow-­‐rate	  of	  liquid	  water	  into	  the	  system	  is	  controlled	  by	  a	  Gilson	  307	  HPLC	  
pump.	  The	  flow-­‐rate	  can	  set	  from	  5μL/min	  to	  2mL/min	  and	  injected	  at	  pressures	  up	  to	  
100	  bars.	  The	  valve	  located	  after	  the	  pump	  is	  designed	  to	  prevent	  any	  undesired	  leakage	  
from	  the	  water	  reservoir	  into	  the	  system	  when	  the	  pump	  is	  off.	  The	  cracking	  pressure	  of	  
the	  valve	  is	  set	  to	  25	  psi;	  the	  pump	  must	  activate	  in	  order	  to	  push	  the	  valve	  open.	  The	  
pump	  cannot	  generate	  steam;	  hence	  the	  liquid	  water	  injected	  into	  the	  system	  must	  be	  
vaporized	  by	   the	  hotbox.	   This	   is	   facilitated	  by	   coiling	   the	   liquid	   feed	   tube	   (2)	   prior	   to	  
mixing	   with	   the	   hot	   gases	   (1)	   at	   mixing	   point	   B.	   Coiling	   the	   tube	   inside	   the	   hotbox	  
increases	  the	  liquid	  residence	  time	  therefore	  allowing	  the	  water	  to	  vaporize	  into	  steam.	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3.2.3	  Maintaining	  the	  Temperature	  of	  External	  Components	  
The	   hotbox	   is	   a	   steel	   box	   that	   surrounds	   many	   of	   the	   components	   of	   the	  
microreactor.	  While	  in	  operation,	  the	  hotbox	  is	  sealed	  and	  a	  heating	  fan	  located	  inside	  
the	   unit	   activates	   (not	   illustrated).	   The	   heating	   system	   can	   maintain	   the	   hotbox	  
temperature	  between	  298	  K	  and	  453	  K.	  The	  temperature	   is	  regulated	  by	  a	  PID	  control	  
loop	  consisting	  of	  a	  K-­‐type	  thermocouple	  (located	  in	  the	  hotbox),	  a	  Toho	  TTM-­‐005	  PID	  
controller,	   and	  a	  heating	  element	   located	   inside	   the	   fan.	   The	   controller	  uses	   a	   simple	  
PID	  control	  algorithm	  that	  can	  be	  modified	  to	  suit	  the	  user’s	  operating	  conditions.	  Many	  
parameters	   of	   the	   controller	   can	   be	   altered,	   however	   the	  most	   common	   are	   heating	  
rate	  and	  final	  temperature.	  
3.2.4	  Isolating	  the	  Reaction	  Vessel	  
The	   six-­‐way	   valve	   allows	   the	   user	   to	   by-­‐pass	   flow	   to	   the	   reactor	   at	   any	   point.	  
When	   the	   by-­‐pass	   function	   is	   disengaged	   the	   flow	   configuration	   is	   3à4à6,	  whereas	  
when	  by-­‐pass	  is	  activated	  the	  flow	  configuration	  is	  3à5àà6.	  In	  Figure	  3.2	  the	  by-­‐pass	  
loop	  is	  illustrated	  in	  red	  as	  stream	  5.	  This	  function	  is	  particularly	  useful	  if	  the	  user	  wishes	  
to	  stabilize	  the	  flow	  in	  their	  system	  prior	  to	  flowing	  the	  gases	  through	  the	  reactor.	  This	  
also	  allows	  the	  user	  to	  isolate	  the	  reactor	  at	  any	  point.	  
3.2.5	  Controlling	  the	  Temperature	  of	  the	  ATT	  reaction	  
The	   furnace	   is	  a	   tubular	  heater	   that	  provides	  heat	   to	   the	  quartz	   reaction	   tube.	  
The	  temperature	  of	  the	  furnace	  can	  be	  controlled	  anywhere	  between	  373	  K	  and	  973	  K.	  
However,	   the	   control	   at	   lower	   temperatures	   is	   less	   accurate	   due	   to	   the	   difference	   in	  
thermal	  losses.	  The	  temperature	  is	  regulated	  by	  a	  PID	  control	  loop	  consisting	  of	  a	  K-­‐type	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thermocouple	  (placed	   in	  the	  sample	   inside	  the	  quartz	  reaction	  tube),	  a	  Toho	  TTM-­‐005	  
PID	  controller,	  and	  the	  heating	  elements	   in	   the	  furnace	  housing.	  The	  controller	  uses	  a	  
simple	   PID	   control	   algorithm	   that	   can	   be	   modified	   to	   suit	   the	   user’s	   operating	  
conditions.	   Many	   parameters	   of	   the	   controller	   can	   be	   altered,	   however	   the	   most	  
common	  are	  heating	  rate	  and	  final	  temperature.	  While	  the	  control	  loop	  can	  accurately	  
control	  the	  temperature	  since	  the	  thermocouple	  is	  placed	  directly	  into	  the	  sample,	  the	  
vertical	  arrangement	  of	  the	  furnace	  is	  not	  an	  ideal	  design.	  The	  vertical	  mounting	  causes	  
convective	   currents	   inside	   the	   furnace,	   hence	   the	   thermal	   gradient	   along	   the	   reactor	  
length	  is	  very	  large.	  Points	  above	  the	  thermocouple	  have	  higher	  temperatures	  than	  the	  
set	  point,	  while	  the	  opposite	  is	  true	  for	  points	  below.	  The	  user	  should	  be	  aware	  of	  this	  
phenomenon	  when	  designing	  experiments.	  
3.2.6	  Separating	  Condensable	  Products	  from	  Permanent	  Gases	  
The	   Peltier	   condenser	   consists	   of	   a	   steel	   container	   designed	   to	   separate	   any	  
condensable	   products	   from	   the	   permanent	   gases.	   The	   condenser	   utilizes	   a	  
thermoelectric	   cooler	   to	   maintain	   the	   temperature	   of	   the	   steel	   at	   278	   K.	   The	  
thermoelectric	  cooler	  consists	  of	  two	  ceramic	  plates	  joined	  by	  thousands	  of	  small	  metal	  
junctions.	   The	   metal	   junctions	   are	   comprised	   of	   two	   dissimilar	   metals	   that	   change	  
temperature	  when	  a	  current	  is	  applied	  (Peltier	  Effect).154	  One	  metal	  will	  cool	  while	  the	  
other	   will	   heat	   therefore	   creating	   a	   temperature	   gradient	   of	   approximately	   30	   K	  
between	  both	  sides	  of	  the	  thermoelectric	  heater	  when	  a	  3A	  current	  is	  applied.	  The	  cold	  
side	  contacts	  the	  steel	  condenser,	  while	  the	  hot	  side	  is	  connected	  to	  a	  heat	  sink.	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3.2.7	  Collection	  of	  the	  Condensate	  
The	  level	  inside	  the	  condenser	  is	  maintained	  by	  a	  liquid	  level	  control	  valve,	  which	  
is	  controlled	  by	  a	  PID	  control	  loop	  consisting	  of	  a	  liquid	  level	  sensor	  and	  a	  Toho	  TTM-­‐005	  
PID	  controller.	  Generally	  the	  settings	  of	  this	  unit	  should	  not	  be	  altered,	  as	  the	  system	  is	  
optimized	   to	  maintain	   the	   level	  at	  5%	  of	   the	  maximum	   level	  during	  experiments.	  This	  
ensures	   that	   the	   pressure	   in	   the	   system	   is	  maintained.	   For	   advanced	   liquid	   collection	  
techniques,	  please	  see	  Chapter	  6.	  
3.3	  Analysis	  of	  Permanent	  Gases	  
In	  order	  to	  obtain	  quasi-­‐realtime	  data	  gaseous	  formation	  rates,	  it	  is	  necessary	  to	  
use	  a	  gas	  analysis	  method	  with	  quick	  sampling	  times.	  For	  light	  gases	  the	  Inficon	  micro-­‐
GC	  3000	  is	  superior	  over	  conventional	  gas	  chromatography	  instruments	  since	  the	  model	  
is	  designed	  for	  turnkey	  operation	  and	  high	  sample	  throughput,	  as	  it	  uses	  columns	  with	  
stationary	   phases	   that	   are	   optimized	   to	   separate	   light	   gases.	   By	   selecting	   the	  optimal	  
column	   temperature	   it	   was	   possible	   to	   reduce	   the	   sampling	   time	   to	   2.5	  minutes	   per	  
sample,	   which	   provided	   the	   resolution	   needed	   in	   order	   to	   accurately	   measure	   gas	  
formation	  rates.	  
3.3.1	  Separation	  with	  Molecular	  Sieve	  Columns155	  
The	   Inficon	  micro-­‐GC	  3000	  consists	  of	   two	  columns,	  a	  mol-­‐sieve	  and	  a	  PLOT-­‐U,	  
specifically	   selected	   for	   their	   ability	   to	   deliver	   high	   peak	   resolution	   when	   measuring	  
small	  compounds.	  Mol-­‐sieve	  columns	  consist	  of	  fused	  silica	  tubes	  with	  a	  highly	  porous	  
stationary	  phase	  (typically	  zeolites).	  These	  materials	  are	  structures	  containing	  Al3+,	  Si4+,	  
and	  O2-­‐,	  and	  by	  varying	  the	  concentrations	  of	  aluminum	  and	  silicon	  in	  the	  material,	  very	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specific	   structures	   can	   be	   created	   with	   very	   precise	   pore	   sizes,	   on	   the	   order	   of	  
angstroms.	  As	  gases	  enter	  these	  pores,	  flow	  is	  significantly	  restricted	  and	  diffusion	  will	  
dominate.	  Smaller	  molecules	  with	  higher	  diffusivities	  will	  pass	  through	  the	  column	  quite	  
readily	  while	   larger	  molecules	  will	   experience	   significant	   retention.	   As	   a	   result,	   larger	  
gases	  will	  have	  longer	  elution	  times	  than	  light	  gases.	  If	  the	  gas	  is	  too	  large	  however,	   it	  
will	  not	   fit	   into	   the	  pores	  and	   therefore	  not	  be	   retained	  by	   the	  column	  at	  all.	  For	   this	  
reason,	  the	  mol-­‐sieve	  column	  was	  ideal	  for	  the	  quantification	  of	  H2,	  CO,	  N2	  and	  O2.	  	  
	  
Figure	  3.3:	  Illustration	  of	  a	  Fused-­‐Silica	  Capillary	  Column	  
	  
These	  columns	  are	  not	  without	   their	  drawbacks	   since	   they	  are	  highly	  prone	   to	  
fouling	  from	  heavy	  compounds	  and	  water.	  Heavy	  compounds	  such	  as	  tars	  can	  obstruct	  
the	  pore	  of	  the	  zeolites	  and/or	  cause	  shifts	  in	  the	  stationary	  phase.	  Water	  on	  the	  other	  
hand	   can	   “washout”	   the	   stationary	   phase,	   which	   is	   not	   bonded	   to	   the	   fused	   silica	  
column	  housing.	  The	  liquid	  can	  displace	  the	  stationary	  phase,	  which	  can	  affect	  retention	  
time,	  peak	  resolution	  and	  in	  severe	  cases	  destroy	  the	  column.	  Due	  to	  water’s	  relatively	  
high	   boiling	   point	   in	   comparison	   to	   other	   hydrocarbons,	   there	   is	   a	   significant	   risk	   of	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reason	  it	  is	  necessary	  to	  take	  the	  utmost	  care	  when	  utilizing	  these	  types	  of	  columns,	  and	  
ensure	   that	   the	   correct	   inlet	   injection	   temperature	   and	   column	   temperature	   are	  
selected,	  so	  that	  the	  injected	  components	  will	  remain	  gaseous	  form	  at	  all	  times.	  
3.3.2	  Separation	  with	  PLOT	  Columns156,157	  
Porous	   Layer	   Open	   Tubular	   (PLOT)	   columns	   are	   similar	   to	   molecular	   sieves	   in	  
which	   they	  utilize	  a	  stationary	  phase	  with	  porosity,	   so	   that	  gases	  can	  be	  separated	  by	  
size	   exclusion	   and	   shape	   selectivity.	   PLOT	   column	   is	   a	  more	   general	   term,	  which	   can	  
encompass	   mol-­‐sieves,	   however	   in	   the	   case	   of	   the	   Inficon	   microGC-­‐3000	   the	   second	  
type	  of	  column	  used	  is	  a	  plot	  U	  column.	  This	  particular	  column	  utilizes	  a	  divinylbenzene–
ethylene	   glycol	   dimethacrylate	   copolymer	   as	   the	   stationary	   phase.	   This	   column	   was	  
used	   to	  analyze	  CO2,	  CH4,	  C2H6	  and	  C2H4,	   and	  due	   to	   its	   slightly	  polar	  nature	   from	   the	  
acrylate	   group,	   was	   able	   to	   separate	   CO2	   and	   CH4	  more	   effectively	   than	   a	   non-­‐polar	  
column.	   In	   contrast	   to	   the	  mol-­‐sieve,	   the	  Plot-­‐U	  column	   is	  bonded,	  which	  means	   that	  
the	   stationary	   phase	   is	   covalently	   bonded	   to	   the	   column	   surface.	   This	   increases	   the	  
column	  lifetime,	  reduces	  column	  bleed,	  and	  reduces	  the	  risk	  of	  washout	  if	  any	  liquid	  in	  
accidentally	  injected.	  
3.3.3	  Quantification	  with	  the	  Thermal	  Conductivity	  Detector158	  
The	   micro-­‐GC	   3000	   utilizes	   a	   thermal	   conductivity	   detector	   (TCD)	   in	   order	   to	  
detect	  the	  gases	  that	  are	  separated	   in	  the	  column.	  Simply,	  the	  TCD	  consists	  of	  a	  small	  
electrical	   resistor	   that	   emits	   a	   steady	   flow	   of	   heat	   to	   its	   surroundings.	   Around	   the	  
resistor,	  a	  carrier	  gas	  of	  constant	  thermal	  conductivity	  is	  flowing	  and	  hence	  the	  heat	  loss	  
from	   the	   resistor	   is	   constant.	   However,	   when	   the	   column	   contains	   other	   gases,	   the	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thermal	   conductivity	   of	   the	   overall	   gas	  mixture	   changes,	  which	   in	   turn	  will	   affect	   the	  
rate	  of	  heat	  loss	  from	  the	  resistor,	  causing	  it	  to	  heat	  or	  cool.	  This	  change	  in	  temperature	  
changes	  the	  resistivity	  of	  the	  resistor,	  which	  is	  then	  compared	  an	  adjacent	  resistor	  that	  
is	  surrounded	  by	  the	  reference	  gas	  and	  is	  hence	  unchanged.	  The	  change	  in	  resistance	  in	  
one	  resistor	  in	  relation	  to	  the	  reference	  resistor	  allows	  is	  the	  converted	  to	  a	  peak	  signal	  
in	  the	  software.	  
3.3.4	  Effect	  of	  Operating	  Conditions	  on	  Separation	  
When	   utilizing	   a	   gas	   chromatograph	   the	   selection	   of	   the	   column	   is	   just	   as	  
important	  as	  the	  selection	  of	  the	  operating	  conditions.	  Typically	  efficient	  separation	  of	  
light	   gases	  would	   require	   cryogenic	   temperatures	   as	   low	  as	  213	  K,	   however	   since	   the	  
PLOT	  U	  and	  mol-­‐sieve	  columns	  operate	  on	  the	  principle	  of	  size	  and	  shape	  exclusion,	  as	  
opposed	   to	   pure	   adsorption,	   they	   can	   separate	   light	   gases	   more	   efficiently.	   The	  
important	  parameter	  settings	  for	  the	  columns	  are	  shown	  in	  Table	  3.1.	  
	  
Table	  3.1:	  micro-­‐GC	  3000	  Operating	  Parameters	  
Parameter	   Molecular	  Sieve	   PLOT	  U	  
Carrier	  Gas	   Argon	   Helium	  
Sample	  Inlet	  Temperature	  (K)	   353	   353	  
Injector	  Temperature	  (K)	   353	   353	  
Column	  Temperature	  (K)	   363	   348	  
Column	  Pressure	  (psi)	   32	   32	  
Run	  Time	  (s)	   90	   90	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Carrier	  Gas:	  The	  selection	  of	  the	  correct	  carrier	  gas	  is	  important	  as	  since	  it	  must	  
not	  interfere	  with	  analytes	  during	  separation	  and	  must	  be	  compatible	  with	  the	  TCD.	  For	  
the	   mol-­‐sieve	   column	   the	   carrier	   is	   Argon;	   using	   N2	   would	   conflict	   with	   trying	   to	  
measure	   the	  N2	   in	   the	  product	   stream	   (H2,	  CO,	  N2	  and	  O2),	  and	  using	  He	  would	  make	  
detection	  of	  H2	  difficult	   since	   they	  have	   very	   similar	   thermal	   conductivities.	   TCD’s	   are	  
effective	  when	  the	  difference	  in	  the	  thermal	  conductivities	  between	  the	  analyte	  and	  the	  
carrier	   is	   large.	   The	   PLOT	   U	   column	   on	   the	   other	   hand	   utilizes	   He	   since	   the	   analytes	  
measured	  were	  CO2,	  CH4,	  C2H6	  and	  C2H4.	  Utilizing	  H2	  as	  a	  carrier	  is	  also	  possible	  but	  is	  a	  
safety	  hazard.159	  
Sample	   Inlet	  and	   Injector	  Temperature:	   	   These	   settings	  ensure	   that	   the	   sample	  
entering	   the	   column	   is	   in	   a	   gaseous	   state.	   However,	   since	   the	   gases	   of	   interest	   are	  
permanent	  gases	  this	  setting	  has	   little	  effect	  on	  column	  performance.	   If	  an	  analysis	  of	  
heavier	   compounds	  was	   desired,	   then	   it	  would	   be	   necessary	   to	   select	   a	   temperature	  
greater	  than	  the	  boiling	  point	  of	  all	  the	  analytes.	  
Column	   Temperature:	   Typically	   with	   other	   gas	   chromatography	   units	   it	   is	  
possible	  to	  create	  a	  temperature	  profile	  ramp	  in	  order	  to	  separate	  components	  that	  do	  
not	  separate	  well.	  However,	  since	  the	  systems	  is	  designed	  for	  high	  sample	  throughput,	  
the	  column	  operates	   isothermally,	  which	  eliminates	   the	  need	  of	  a	   cooling	   system	  and	  
reduces	  analysis	  times.	  When	  selecting	  the	  column	  temperature,	  a	  general	  rule	  is	  that	  a	  
higher	   temperature	   will	   reduce	   analysis	   time	   but	   decrease	   peak	   separation	   and	  may	  
cause	  a	  loss	  of	  resolution.	  
	   43	  
Column	  Pressure:	  Column	  pressure	   is	  related	  to	  the	  flow-­‐rate	  of	  the	  carrier	  gas	  
and	   the	   residence	   time	   of	   the	   analytes.	   The	   faster	   the	   flow-­‐rate,	   the	   less	   time	   the	  
analyte	   has	   to	   interact	   with	   the	   stationary	   phase	   thus	   reducing	   peak	   separation.	  
However,	   if	   it	   is	   found	   that	   there	   is	   sufficient	   resolution,	   column	   pressure	   may	   be	  
increased	  to	  reduce	  analysis	  time.	  
Run	  Time:	   This	  parameter	  does	  not	   affect	   the	  analysis	  but	   simply	   instructs	   the	  
instrument	  when	   to	  stop	   the	  analysis	  and	   flush	  out	   the	  column	   for	   the	  next	   injection.	  
After	  optimizing	  the	  analysis	  by	  changing	  the	  aforementioned	  parameters,	  the	  run	  time	  
is	   simply	   enough	   time	   to	   allow	   all	   the	   peaks	   to	   measured	   and	   for	   the	   baseline	   to	  
stabilize	  after	   the	   last	  peak	   is	  measured.	   	   For	  experiments	   conducted	   in	   this	  work,	  90	  
seconds	   was	   found	   to	   provide	   sufficient	   data	   to	   approximate	   the	   formation	   rates	   of	  
gases	  during	  the	  experiment.	  It	  should	  be	  mentioned	  however,	  that	  selecting	  a	  run-­‐time	  
that	  is	  too	  short	  risks	  losing	  the	  late	  eluting	  peaks.	  The	  CO	  peak	  for	  example,	  can	  shift	  in	  
position	  over-­‐time	  and	  may	  not	  elute	  until	  as	  late	  as	  100	  seconds.	  	  
3.4	  Analysis	  of	  Condensable	  Intermediates	  and	  Products	  
The	   analysis	   of	   highly	   complex	  mixtures	  with	  unknown	   components	   requires	   a	  
versatile	  and	  robust	  unit.	  The	  Agilent	  7890A	  coupled	  with	  the	  5975C	  mass	  spectrometer	  
is	   an	   ideal	   unite	   for	   such	   analysis.	   The	   Agilent	   7890A	   is	   not	   dissimilar	   to	   the	   Inficon	  
micro-­‐GC	   3000,	   however	   it	   has	   more	   flexibility	   in	   terms	   of	   column	   choice	   and	  
programming	  options.	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3.4.1	  Column	  Selection	  
Choosing	  a	  column,	  specifically	  the	  stationary	  phase	  of	  the	  column,	  is	  one	  of	  the	  
most	  important	  decisions	  when	  attempting	  to	  do	  any	  type	  of	  separation.	  The	  stationary	  
phase	  is	  what	  interacts	  with	  the	  passing	  analyte	  in	  order	  to	  achieve	  separation	  of	  all	  the	  
components	   in	   the	   mixture.	   As	   discussed,	   for	   smaller	   molecules	   this	   can	   be	   done	  
through	  exclusion	  and	  shape	  selectivity,	  however	  for	  larger	  molecules	  this	  interaction	  is	  
not	   ideal.	   As	   discussed	   in	   Chapter	   2,	   the	   products	   of	   cellulose	   pyrolysis	   exhibit	   some	  
polarity,	  thus	  in	  order	  to	  analyze	  them,	  a	  column	  with	  a	  polar	  stationary	  phase	  must	  be	  
used.	   For	   this	   reason,	   a	   VF-­‐200MS	   column	   was	   selected.	   The	   column	   utilizes	   a	  
trifluoropropyl	   stationary	   phase,	   which	   interacts	   with	   compounds	   that	   exhibit	   dipole	  
interactions	  such	  as	  ketones,	  aldehydes,	  aromatics	  and	  unsaturated	  species.	  The	  column	  
is	  also	  designed	   to	  operate	  at	   temperatures	  up	   to	  623	  K,	   thus	   increasing	   the	   range	  of	  
detectable	  heavy	  compounds	  when	  using	  this	  column.	  
3.4.2	  Solvent	  Selection	  
For	   liquid	   injections,	   the	   choice	   of	   solvent	   for	   the	   analyte	   requires	   two	  
considerations:	  the	  interactions	  with	  the	  analyte	  and	  the	  column.	  The	  solvent	  must	  be	  
polar	  enough	  to	  dissolve	  the	  polar	  analyte	  produced	  while	  having	  minimal	  interactions	  
with	   the	   column.	   A	   polar	   column,	   such	   as	   the	   VF-­‐200MS	   would	   cause	   excessive	  
retention	  of	  a	  highly	  polar	  solvent	  and	  hence	  could	  mask	  the	  elution	  of	  several	  analyte.	  
The	   reaction	   between	   cellulose	   and	   Ca(OH)2	   requires	   steam	   and	   produces	   water,	  
therefore	   the	   presence	   of	   water	   in	   the	   collected	   condensate	   is	   unavoidable.	   Various	  
solvents	   such	   as	   ethanol,	   acetone,	  DCM,	   chloroform	  were	   tested	   since	   these	   solvents	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were	   miscible	   with	   water	   therefore	   creating	   a	   homogenous	   solution	   that	   could	   be	  
analyzed.	  However,	  the	  presence	  of	  water	  in	  the	  solvent	  mixture	  created	  a	  large	  solvent	  
peaks	   that	  obscured	  many	  small	  oxygenated	  compounds.	  This	   large	  peak	   is	   caused	  by	  
the	   strong	   polar	   interaction	   between	   water	   and	   the	   column,	   which	   causes	   excessive	  
retention,	   thus	  many	   small	  molecules	  with	   short	  elution	   times	   could	  not	  be	  analyzed.	  
Consequently,	  a	  non-­‐polar	  solvent,	  hexane,	  was	  used	  in	  order	  achieve	  a	  maximal	  level	  of	  
separation.	  The	  advantage	  of	  hexane	  is	  that	  it	  is	  non-­‐polar,	  has	  little	  interaction	  with	  the	  
column,	   therefore	   resulting	   in	   short	   elution	   times.	   The	   drawback	   is	   that	   during	   the	  
process,	  the	  condensate	  creates	  two	  separate	  phases:	  hexane	  and	  water.	  These	   layers	  
must	  be	  analyzed	  separately,	  which	  makes	  quantification	  difficult	  due	  to	  the	  affinity	  of	  
some	   molecules	   for	   both	   phases.	   However	   for	   qualitative	   analyses	   this	   method	   is	  
acceptable.	  
3.4.3	  Considerations	  when	  Performing	  Liquid	  Injections160	  
There	  is	  a	  large	  misconception	  that	  injecting	  water	  into	  a	  column	  is	  detrimental	  
to	  its	  lifespan.	  While	  there	  are	  some	  considerations,	  water	  injections	  are	  feasible	  if	  the	  
right	   column	   is	   selected.	   Firstly,	   the	   column	  must	   be	   bonded	   and	   cross-­‐linked,	  which	  
refers	   to	   a	   stationary	   phase	   that	   is	   bonded	   surface	   of	   the	   capillary	   tubing	   and	   cross-­‐
linked	   with	   itself.	   These	   types	   of	   stationary	   phase	   are	   highly	   stable	   and	   resistant	   to	  
washout,	  which	  is	  a	  significant	  concern	  when	  water	  enters	  the	  column.	  The	  use	  of	  highly	  
polar	  columns,	  with	  stationary	  phases	  such	  as	  polyethyleneglycol	   (PEG)	  should	  also	  be	  
avoided	   as	   these	   columns,	   although	   resistant	   to	   water,	   may	   be	   damaged	   due	   to	   the	  
strong	  polar	   interactions	  between	  the	  water	  and	  the	  stationary	  phase.	  The	  main	   issue	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for	   most	   modern	   columns	   however,	   is	   the	   volumetric	   expansion	   of	   water	   when	   it	   is	  
vaporized.	  The	   total	  capacity	  of	   the	   injection	   liner	   is	  950μL,	  which	   is	   suitable	   for	  most	  
solvents.	   However	   1μL	   of	   hexane	   and	   water	   will	   expand	   to	   140μL	   and	   1010μL	  
respectively	   when	   vaporized.	   Consequently	   only	   0.9μL	   of	   water	   can	   be	   injected	  
compared	   to	   6μL	   of	   hexane.	  When	   attempting	   to	   compare	   the	   concentrations	   of	   the	  
analyte	   in	  hexane	  and	  water,	  the	  dilution	  procedure	  of	  the	  collected	  condensate	  must	  
take	  into	  account	  that	  much	  more	  hexane	  can	  be	  injected	  into	  the	  column	  per	  run.	  To	  
compensate	  for	  this	  limitation	  the	  water	  phase	  must	  be	  more	  concentrated.	  Additional	  
details	  are	  given	  in	  Chapter	  6.	  
3.4.4	  Effect	  of	  Operating	  Conditions	  on	  Separation	  
Injector/Valve-­‐box/MS	   Transfer	   Line	   Temperature:	   Ensure	   that	   these	  
temperatures	   are	   set	   to	   above	   the	  boiling	  point	  of	   your	  heaviest	   compound.	   This	  will	  
prevent	   any	   condensation	   of	   material	   throughout	   the	   system.	   Analyses	   of	   bio-­‐oil	  
required	  that	  the	   injector,	  valve-­‐box,	  and	  MS	  Transfer	   line	  be	  set	  at	  673	  K,	  598	  K,	  and	  
623	  K	  respectively.	  
Heating	  Rate:	  The	  heating	  rate	  of	  the	  oven	  allows	  for	  careful	  control	  of	  the	  rate	  
at	  which	  the	  analyte	  desorbs	  from	  the	  stationary	  phase.	  The	  GC7890A	  allows	  the	  user	  to	  
set	  multiple	   ramps	  and	  holding	   temperatures	  during	   the	  analysis	   in	  order	   to	   separate	  
groups	  of	  peaks,	  while	  maximizing	  throughput.	  The	  temperature	  program	  used	  was	  as	  
follows:	   Isothermal	  at	  293	  K	  for	  10	  minutes,	  heated	  at	  a	  rate	  of	  2	  K/min	  to	  329	  K	  and	  
held	  isothermally	  for	  5	  minutes,	  then	  heated	  to	  383	  K	  at	  a	  rate	  1	  K/min,	  then	  at	  a	  rate	  of	  
10	  K/min	  to	  598	  K.	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Column	  Flow-­‐rate:	  Flow-­‐rate	  has	  similar	  effects	  to	  heating	  rate	  in	  the	  sense	  that	  
a	   higher	   flow-­‐rate	   will	   decrease	   analyte	   retention.	   Due	   to	   the	   limitations	   of	   the	   MS	  
5975C	  vacuum	  system	  the	  maximum	  flow-­‐rate	  should	  be	  be	  kept	  at	  2mL/min.	  In	  order	  
to	  maximize	  peak	  separation	  a	  value	  of	  0.6mL/min	  was	  chosen.	  Variable	  flow-­‐rates	  can	  
also	   be	   programmed	   in	   the	   column	   in	   order	   to	   maximize	   efficiency	   while	   separating	  
difficult	  peaks.	  
3.4.5	  Product	  Identification	  with	  Mass	  Spectrometry	  
Mass	   spectrometry	   relies	   on	   the	   theory	   that	   when	  molecules	   are	   broken	   into	  
pieces	   their	   fragmentation	  pattern	   is	   specific	   to	   the	  parents	  compound.	   In	   the	  Agilent	  
5975C	  the	  separated	  compounds	  contact	  an	  electron	  beam,	  which	  is	  emitted	  by	  a	  high	  
temperature	   filament.	   The	   beam	   of	   the	   electron	   results	   in	   fragmentation	   of	   the	  
molecule	  to	  smaller	  ions161	  that	  are	  then	  accelerated	  and	  sent	  to	  a	  mass	  selector.162	  
The	  ions	  are	  then	  separated	  by	  a	  magnetic	  field	  that	  is	  set	  perpendicular	  to	  the	  
direction	   of	   the	   ion	   stream.	   Based	   on	   the	   ion’s	  mass	   (m),	   velocity	   (v),	   charge	   (z),	   the	  
applied	  magnetic	  field	  (B),	  and	  the	  length	  of	  the	  magnetic	  field	  sector	  (L),	  the	  ions	  will	  





It	  is	  clear	  that	  the	  ion’s	  mass	  to	  charge	  ratio	  (m/z)	  will	  determine	  the	  angle	  by	  which	  the	  
ions	  deflect,	  with	  the	  deflection	  decreasing	  as	  m/z	  ratio	  increases.	  This	  causes	  different	  
ions	   to	   hit	   the	   detector	   in	   different	   locations,	   therefore	   allowing	   the	   instrument	   to	  
differentiate	  between	  different	  groups	  of	  ions	  depending	  on	  the	  strike	  location.	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Once	   the	   data	   has	   been	   collected	   a	   mass	   spectra	   of	   the	   compound	   will	   be	  
generated.	   Analysis	   of	   small	   molecules	   is	   straightforward	   since	   the	   fragmentation	  
patterns	  are	  simple	  and	  do	  not	  have	  a	  considerable	  amount	  of	  structural	   information.	  
However,	   it	   is	   common	   practice	   to	   use	   software	   to	   compare	   the	   measured	  
fragmentation	   pattern	   to	   large	   databases	   that	   have	   the	   characteristic	   patterns	   of	  
thousands	   of	   compounds.	   The	   2011	   NIST	   2.0	   Library	   was	   used	   for	   the	   analyses	  
performed	  in	  this	  thesis.	  
3.5	  Analysis	  and	  Characterization	  of	  Solids	  
3.5.1	  Carbon	  Coulometry163	  
An	   important	   aspect	   of	   all	   the	   biomass	   reactions	   is	   the	   determining	   the	  
distribution	  of	  carbon	  in	  the	  system.	  Since	  the	  CO2	  capture	  ability	  of	  the	  ATT	  process	  is	  
an	   important	   metric	   a	   CM150	   Carbon	   Analyzer	   by	   UIC	   was	   used	   to	   determine	   the	  
amount	   of	   organic	   and	   inorganic	   carbon	   in	   the	   solid	   samples.	   The	   instrument	   is	   very	  
accurate	  and	  has	  a	  detection	  limit	  of	  0.01μgC	  (micrograms	  of	  carbon).	  
The	   coulometric	   cell	   is	   an	   electrochemical	   cell,	   which	   contains	   a	   strong	   CO2	  
absorbing	  solution:	  monoethanolamine.	  The	  solution	  also	  contains	  a	  pH	   indicator	   that	  
changes	  color	  depending	  on	  the	  acidity	  of	  the	  solution.	  The	  pH	  in	  the	  cell	   is	  controlled	  
by	  a	  platinum	  cathode	  and	  silver	  anode,	  which	  generate	  OH-­‐	  ions	  as	  shown	  in	  equations	  
2.2	  and	  2.3.	  
𝐶𝑎𝑡ℎ𝑜𝑑𝑒:  2𝐻!𝑂 + 2𝑒!   → 𝐻! 𝑔 +   2𝑂𝐻!	   Eq.	  3.2	  
𝐴𝑛𝑜𝑑𝑒:  𝐴𝑔!   → 𝐴𝑔! +   𝑒!	   Eq.	  3.3	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Initially	   a	   light	   source	   shines	   through	   the	   clear	   coulometric	   cell	   to	   a	   photo-­‐
detector	  on	  the	  other	  side.	  Initially	  the	  solution	  is	  clear	  and	  therefore	  the	  light	  detector	  
on	  the	  other	  side	  of	  the	  cell	  reads	  100%	  transmittance.	  As	  OH-­‐	  ions	  are	  generated,	  the	  
pH	   of	   the	   solution	   drops,	   which	   in	   turn	   causes	   the	   pH	   indicator	   to	   turn	   blue.	   This	  
changes	   the	   transmittance	   of	   light	   through	   the	   cell,	   which	   is	   measured	   by	   the	   light	  
dector.	  At	  steady-­‐state	  the	  solution	   is	  a	  deep	  blue	  color	  and	  the	  transmittance	   is	  kept	  
constant	  at	  29.5%.	  As	  CO2	   is	   absorbed	  by	   the	  monoethanolamine,	  a	   tritratable	  acid	   is	  
formed.	  
𝐶𝑂! + 𝐻𝑂𝐶𝐻!𝐶𝐻!𝑁𝐻! → 𝐻𝑂𝐶𝐻!𝐶𝐻!𝑁𝐻𝐶𝑂𝑂𝐻	   Eq	  3.4	  
This	  acid	  increases	  the	  pH	  and	  turns	  the	  solution	  clear.	  To	  counteract	  this	  the	  cathode	  
must	  generate	  OH-­‐	  ions	  in	  order	  to	  reduce	  the	  pH	  and	  return	  the	  level	  of	  transmittance	  
back	  to	  29.5%,	  shown	  in	  the	  equation	  below.	  
𝐻𝑂𝐶𝐻!𝐶𝐻!𝑁𝐻𝐶𝑂𝑂𝐻 + 𝑂𝐻! → 𝐻𝑂𝐶𝐻!𝐶𝐻!𝑁𝐻𝐶𝑂𝑂! + 𝐻!𝑂	   Eq	  3.5	  
	   The	  amount	  of	  CO2	  absorbed	  by	  the	  monoethanolamine	  can	  then	  be	  correlated	  
to	   the	  amount	  of	  current	  needed	  to	  generate	  sufficient	  OH-­‐	   ions	   in	  order	   to	  bring	   the	  
solution	   back	   to	   a	   transmittance	   of	   29.5%.	   This	   can	   be	   obtained	   through	   the	   use	   of	  





For	  this	  specific	  case,	  n	  is	  the	  number	  of	  moles	  of	  OH-­‐	  liberated	  at	  the	  cathode,	  Q	  is	  total	  
charge	  supplied,	  F	   is	  the	  Faraday	  constant	  (96485	  C	  mol-­‐1),	  and	  z	  is	  the	  valence	  number	  
(1,	  since	  2	  moles	  of	  electrons	  are	  needed	  to	  generate	  2	  moles	  of	  OH	  according	  to	  the	  
stoichiometry	  in	  Eq.	  3.2).	  Since	  the	  system	  has	  a	  large	  variance	  in	  the	  amount	  of	  CO2	  it	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receives	  during	  the	  course	  of	  an	  analysis,	  the	  total	  charge	  supplied	  Q	   is	  highly	  variable	  





Where	  T	   is	   the	   total	   time	   taken	   to	   reach	   the	   steady-­‐state	   cell	   transmittance	   value	   of	  
29.5%.	  From	  Eq.	  3.7,	  the	  number	  of	  moles	  of	  OH-­‐	  can	  be	  calculated,	  which	  is	  equivalent	  
to	   the	   total	  moles	   of	   CO2	   absorbed.	   In	   this	  way	   the	   carbon	   content	   of	   the	   sample	   is	  
measured.	  
3.5.1a	  Inorganic	  Carbon	  Analysis	  
The	   coulometer	   measures	   the	   carbon	   content	   of	   a	   sample	   by	   measuring	   the	  
amount	  of	  CO2	  is	  produced.	  Measuring	  organic	  and	  inorganic	  carbon	  requires	  two	  types	  
of	  experimental	  setup.	  
	  
Figure	  3.4:	  Illustration	  of	  the	  Acidification	  Module	  	  
for	  Inorganic	  Carbon	  Analysis164	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Figure	   3.4	   illustrates	   the	   experimental	   setup	   used	   for	   the	   determination	   of	  
inorganic	  carbon	  content.	  Also	  known	  as	  the	  Acidification	  Module,	  it	  uses	  concentrated	  
perchloric	   acid	   to	  dissolve	   the	   inorganic	   carbon	   (carbonate)	   in	   the	   sample	   in	  order	   to	  
release	   CO2,	   that	   can	   then	   be	   measured	   by	   the	   coulometer.	   A	   limitation	   of	   this	  
technique	  however	  is	  that	  it	  cannot	  differentiate	  between	  carbonate	  and	  bicarbonate.	  
(i)	  KOH-­‐Pre-­‐scrubber	  
This	  section	  of	  the	  unit	  is	  designed	  to	  provide	  CO2-­‐free	  air	  to	  the	  entire	  system.	  
Since	  atmospheric	  air	  contains	  400ppm	  CO2,	  it	   is	  necessary	  to	  remove	  it	  before	  air	  can	  
be	  used	  as	  a	  carrier	  gas.	  The	  air	  is	  scrubbed	  by	  bubbling	  it	  through	  a	  45%	  KOH	  solution.	  
The	  high	  affinity	  of	  KOH	  to	  react	  with	  CO2	  to	  form	  K2CO3	  creates	  a	  clean	  gas	  stream	  of	  N2	  
and	  O2.	  Alternatively,	  this	  step	  can	  be	  bypassed	  if	  the	  user	  wishes	  to	  use	  a	  gas	  cylinder	  
of	  pure	  N2	  as	  the	  carrier	  gas.	  
(ii)	  Filling	  the	  Acid	  Dispenser	  
The	  acid	  dispenser	  contains	  the	  2N	  perchloric	  acid	  (69mL	  of	  70%	  perchloric	  Acid	  
with	  400mL	  of	  water)	  and	  can	  be	  adjusted	  to	  dispense	  anywhere	  fro	  1	  to	  10mL	  of	  acid	  at	  
a	  time.	  Enough	  acid	  should	  be	  used	  to	  fully	  submerge	  the	  sample	  and	  depending	  on	  the	  
size	  of	  the	  flask,	  this	  could	  be	  anywhere	  between	  5	  -­‐	  20mL.	  
(iii)	  Setting	  Up	  the	  Reaction	  Vial	  
The	  reaction	  vial	   is	  where	  the	  material	   is	  placed	  before	  beginning	  the	  reaction.	  
Usually	  50mg	  of	  sample	  in	  order	  to	  minimize	  the	  error	  that	  can	  occur	  from	  using	  small	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amounts	  of	  sample.	  The	  vial	  is	  attached	  to	  a	  special	  ground	  glass	  fitting	  and	  it	  locked	  in	  
place.	  The	  purge	  gas	  then	  evacuates	  the	  system	  of	  CO2	  before	  the	  reaction	  begins.	  	  
Before	  beginning	  any	  measurement	  a	  blank	  measurement	  is	  taken	  to	  determine	  
the	   baseline	   concentration	   of	   CO2	   in	   the	   system.	   Taking	   a	   system	   blank	   will	  
automatically	  subtract	   the	  background	  CO2	   from	  the	  sample	  measurement	  to	   improve	  
accuracy.	  Once	  a	  blank	  is	  performed,	  a	  standard	  sample	  must	  be	  measured	  to	  evaluate	  
the	   coulometer	   performance.	   Any	  material	  with	   known	   carbon	   content	  may	   be	   used,	  
but	  CaCO3	  is	  typical	  with	  a	  known	  carbon	  content	  of	  12	  wt%.	  Once	  the	  standard	  sample	  
is	  loaded	  and	  any	  residual	  CO2	  is	  purged,	  the	  analysis	  may	  begin.	  It	  is	  suggested	  to	  start	  
the	  measurement	  before	   injecting	   the	  perchloric	  acid,	   since	   injecting	   the	  acid	  prior	   to	  
measurement	   may	   result	   in	   some	   CO2	   passing	   through	   undetected.	   Once	   the	   acid	   is	  
injected,	  the	  following	  reaction	  takes	  place.	  
2𝐻𝐶𝑙𝑂! + 𝐶𝑎𝐶𝑂! = 𝐶𝑎 𝐶𝑙𝑂! ! + 𝐶𝑂! + 𝐻!𝑂	   Eq	  2.8	  
The	   CO2	   released	   is	   then	   measured	   by	   the	   coulometer	   as	   described	   in	   the	   previous	  
section.	  A	  successful	  standard	  will	  have	  a	  value	  within	  5%	  of	  the	  true	  value.	  A	  successful	  
standard	  means	  the	  user	  may	  proceed	  with	  the	  analysis	  of	  their	  samples.	  
In	  order	  to	  ensure	  the	  accuracy	  of	  each	  run	  and	  ensure	  full	  dissolution	  there	  are	  a	  
few	  steps	  that	  may	  be	  taken.	  
• Use	  finely	  ground	  powder	  to	  enhance	  the	  reaction	  rate.	  
• Place	  a	  small	  stir-­‐bar	  inside	  the	  reaction	  vessel.	  The	  unit	  contains	  a	  magnetic	  
stirrer	  and	  agitation	  will	  enhance	  the	  reaction	  rate.	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• The	   flask	   may	   also	   be	   heated	   while	   being	   stirred.	   Small	   amounts	   of	   heat	   are	  
useful	  in	  aiding	  dissolution.	  
• Measure	   a	   standard	   every	   after	   every	   five	   samples.	   This	  will	   allow	   the	  user	   to	  
determine	  if	  the	  coulometer	  is	  working	  effectively.	  
3.5.1b	  Total	  Carbon	  Analysis	  
Figure	  3.5	  illustrates	  the	  experimental	  setup	  used	  to	  determine	  the	  total	  carbon	  
present	  in	  a	  sample.	  In	  this	  method,	  the	  sample	  is	  combusted	  in	  a	  pure	  O2	  atmosphere	  
inside	   a	   furnace	   at	   1223	   K.	   At	   these	   temperatures,	   any	   organic	   carbon	   will	   undergo	  
complete	  oxidation	  to	  CO2	  and	  H2O	  while	  any	   inorganic	  carbon	  will	  decompose	  to	  CO2	  
and	  the	  respective	  metal	  oxide.	  To	  ensure	  complete	  oxidation,	  the	  gas	  flows	  over	  a	  bed	  
of	   barium	   chromate,	   which	   is	   an	   excellent	   oxidation	   catalyst.165	   Depending	   on	   the	  
sample,	  it	  may	  be	  necessary	  to	  utilize	  optional	  units	  detailed	  in	  Figure	  3.5	  Units,	  e,	  f	  and	  
g	   are	   all	   part	   of	   the	   SO2	   scrubbing	   unit,	   which	   oxidizes	   sulfurous	   compounds	   to	   SO2	  
before	   removing	   them	   from	   the	   gas	   stream.	   However,	   since	   the	   work	   in	   this	   thesis	  
focused	  on	  cellulose	  conversion,	  sulfur	  was	  not	  present	  in	  any	  sample.	  Unit	  d,	  the	  water	  
trap,	  was	  also	  not	  used	  since	  only	  dry	  samples	  were	  tested.	  
	  
	   54	  
	  
Figure	  3.5:	  Illustration	  of	  the	  Furnace	  Module	  for	  Total	  Carbon	  Analysis164	  
	  
	  
	  (i)	  Sample	  preparation	  
Much	  of	  the	  procedure	  is	  analogous	  to	  that	  for	  inorganic	  carbon	  analysis.	  Once	  
the	  furnace	  temperature	  and	  O2	  flow	  are	  at	  steady	  state	  it	  is	  necessary	  to	  run	  a	  system	  
blank	   in	  order	  to	  obtain	  the	  baseline	   level	  of	  CO2	   in	   the	  system.	  Typically	   this	  number	  
should	  be	   less	   than	  20μg.	  Once	   the	  baseline	   is	  obtained	   the	   standard	   sample	  may	  be	  
tested.	  Any	   carbonate	  with	   a	   decomposition	   temperature	  below	  1223	  K	   can	  be	  used,	  
however	   CaCO3	   was	   found	   to	   be	   more	   appropriate	   than	   Na2CO3,	   as	   the	   latter	   has	   a	  
higher	  decomposition	  temperature	  and	  extends	  the	  experiment	  runtime.166	  The	  sample	  
in	  placed	  in	  a	  Coorstek	  ceramic	  boat	  with	  a	  hole	  in	  the	  lip	  for	  control	  with	  the	  furnace	  
manipulator	   rod.	   As	   in	   the	   case	   of	   inorganic	   analysis,	   50mg	   of	   sample	   is	   the	   ideal	  
amount	  sample.	  Once	  the	  sample	  is	  loaded	  it	  is	  hooked	  to	  the	  manipulator	  rod	  and	  slid	  
into	   the	   loading	   zone	   of	   the	   furnace	   tube.	   The	   loading	   zone	   of	   the	   furnace	   tube	   is	  
outside	  of	   the	  furnace	  thus	  allowing	  the	  sample	  to	  sit	  safely	  while	  tightening	  the	   inlet	  
cap.	  Once	   the	   furnace	   tube	   is	   closed,	   it	   is	   recommended	   that	   the	   user	  wait	   until	   the	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transmittance	  is	  stable	  at	  29.5%	  as	  opening	  the	  furnace	  tube	  causes	  some	  CO2	  to	  enter	  
the	   system,	  which	  will	   affect	   the	   cell	   stability.	  Once	   the	   cell	   is	   stable	   the	   analysis	   can	  
begin	  and	  the	  sample	  slid	  into	  the	  heated	  zone.	  
3.5.2	  Measurement	  of	  Surface	  Area	  
Surface	   area	   measurements	   are	   important	   when	   attempting	   to	   understand	  
reactions	  that	  are	  dependent	  on	  the	  amount	  of	  interfacial	  area	  available	  for	  a	  reaction.	  
This	   is	   particularly	   true	   in	   the	   field	   of	   heterogeneous	   catalysis.	   The	   surface	   area	   of	   a	  
support	   material	   for	   instance	   has	   significant	   implications	   with	   regards	   to	   metal	  
dispersion	   and	   changes	   in	   area	   after	   a	   reaction	   can	   give	   insights	   into	   deactivation	  
mechanisms.	  	  
Surface	  area	   can	  be	  measured	   in	  a	  multitude	  of	  ways,	  with	   the	  most	   common	  
being	  N2	  absorption	  to	  the	  surface	  of	  the	  material	  modeled	  by	  the	  Langmuir	  absorption	  
theorem.	   However,	   for	   more	   accurate	   measurements	   the	   Brunauer–Emmett–Teller	  
(BET)	  theory	  may	  be	  used.	  
(i)	  Basic	  Mode	  of	  Operation	  	  	  
Before	  the	  surface	  area	  of	  a	  sample	  is	  measured,	  it	  must	  be	  degassed	  in	  order	  to	  
ensure	   that	   no	   absorbed	   species	  will	   interfere	  with	   the	   surface	   area	  measurement.	  A	  
sample	   of	   known	   mass	   is	   loaded	   into	   a	   quartz	   tube	   and	   attached	   to	   the	   degassing	  
module	  of	  the	  BET.	  Once	  connected	  a	  high	  vacuum	  is	  generated	  inside	  the	  quartz	  tubes	  
combined	  with	  an	  increase	  in	  temperature	  up	  to	  573	  K	  by	  means	  of	  the	  heating	  jackets.	  
This	   combination	   of	   heat	   and	   vacuum	   promotes	   desorption	   of	   adsorbed	   species	   and	  
prepares	  the	  surface	  for	  N2	  adsorption.	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(ii)	  Surface	  Area	  Measurements	  
The	  degassed	  samples	  are	  then	  weighed	  to	  determine	  the	  degassed	  mass	  of	  the	  
sample.	   The	   quartz	   tubes	   are	   then	   loaded	   and	   are	   placed	   in	   the	   portion	   of	   the	  
instrument	   that	   measures	   surface	   area.	   A	   container	   below	   the	   glass	   tubes	   contains	  
liquid	   N2,	   which	   cools	   the	   tubes	   to	   the	   temperature	   of	   liquid	   N2.	   Once	   the	   sample	  
temperature	  has	  reached	  equilibrium	  with	  the	  liquid	  N2,	  N2	  gas	  is	  injected	  into	  the	  tubes	  
at	   a	   certain	   pressure.	   Based	   on	   the	   amount	   of	   gas	   input	   into	   the	   system	   and	   the	  
measured	  pressure,	  an	  estimation	  of	   the	  surface	  coverage	  can	  be	  made	  by	  measuring	  
the	  decrease	  in	  pressure.	  The	  decrease	  in	  pressure	  is	  caused	  by	  the	  condensation	  of	  N2	  
onto	  the	  sample,	  which	  is	  at	  the	  temperature	  of	  liquid	  N2.	  This	  value	  of	  surface	  coverage	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  3.9
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Where	  	  
𝑣 = 𝑉𝑜𝑙𝑢𝑚𝑒  𝑜𝑓  𝑁!  𝐴𝑑𝑠𝑜𝑟𝑏𝑒𝑑  
𝑣!"# = 𝑉𝑜𝑙𝑢𝑚𝑒  𝑜𝑓  𝑁!  𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑  𝑓𝑜𝑟  𝑚𝑜𝑛𝑜𝑙𝑎𝑦𝑒𝑟  




= 𝐸𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚  𝑏𝑒𝑡𝑤𝑒𝑒𝑛  𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛  𝑎𝑛𝑑  𝐷𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛	  
Plotting	   the	   obtained	   data	   based	   on	   Eq.	   3.9	   allows	   for	   the	   calculation	   of	   the	  
slope	   and	   intercept.	   The	   intercept	   gives	   the	   value	   of	  vmon,	  which	   is	   the	   volume	   of	  N2	  
required	  for	  monolayer	  coverage.	  Since	  the	  size	  of	  an	  N2	  molecule	  is	  known,	  the	  surface	  
area	  can	  be	  estimated.	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(iii)	  The	  Langmuir	  Isotherm	  and	  BET	  
The	   Langmuir	   isotherm	   is	   one	   of	   the	   simplest	   adsorption	   models	   because	   it	  
makes	  several	  assumptions168	  about	  the	  behavior	  of	  the	  adsorbed	  gas.	  
• The	  surface	  is	  flat	  and	  homogenous,	  thus	  all	  adsorption	  sites	  are	  equal.	  
• Once	  the	  gas	  adsorbs	  it	  does	  not	  move	  
• There	  are	  no	  interaction	  between	  adsorbed	  molecules	  
• Only	  one	  monolayer	  can	  form.	  (i.e.	  N2	  cannot	  adsorb	  onto	  another	  N2	  molecule)	  
These	   assumptions	   make	   the	   Langmuir	   adsorption	   model	   inaccurate	   for	   most	  
applications.	  The	  BET	  theory	  extends	  this	  model	  to	  account	  for	  multi-­‐layer	  absorption.	  
However,	  the	  theory	  makes	  several	  assumptions167:	  
1. An	  infinite	  number	  of	  layers	  can	  form	  on	  the	  material	  surface.	  
2. There	  are	  no	  physical	  interactions	  between	  the	  adsorbed	  molecules.	  
3. The	  Langmuir	  theory	  can	  be	  applied	  to	  each	  adsorbed	  layer.	  
4. The	  heats	  of	  adsorption	  of	  all	  the	  layers	  except	  for	  the	  1st	  are	  equal.	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Where	  
𝑐 = 𝐵𝐸𝑇  𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = 𝑒𝑥 
𝐸! − 𝐸!
𝑅𝑇 	  
𝐸! = 𝐻𝑒𝑎𝑡  𝑜𝑓  𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛  𝑜𝑓  𝑡𝑜  𝑡ℎ𝑒  𝑆𝑢𝑟𝑓𝑎𝑐𝑒	  
𝐸! = 𝐻𝑒𝑎𝑡  𝑜𝑓  𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛  𝑜𝑓  𝑡ℎ𝑒  𝑖!!  𝑙𝑎𝑦𝑒𝑟, 𝑖 ≥ 2	  
𝑣 = 𝑉𝑜𝑙𝑢𝑚𝑒  𝑜𝑓  𝑁!  𝐴𝑑𝑠𝑜𝑟𝑏𝑒𝑑  
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𝑣!"# = 𝑉𝑜𝑙𝑢𝑚𝑒  𝑜𝑓  𝑁!  𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑  𝑓𝑜𝑟  𝑚𝑜𝑛𝑜𝑙𝑎𝑦𝑒𝑟  
𝑃 = 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒	  
𝑃! = 𝐶𝑜𝑛𝑑𝑒𝑛𝑠𝑎𝑡𝑖𝑜𝑛  𝑃𝑟𝑒𝑠𝑠𝑒𝑢𝑟𝑒	  
For	   most	   applications	   BET	   will	   give	   a	   reasonable	   estimate	   of	   surface	   area.	  
However,	  in	  heterogeneous	  catalysis	  the	  distribution	  of	  pore	  sizes	  is	  also	  important.	  The	  
Barrett-­‐Joyner-­‐Halenda	   (BJH)	  model	   can	  be	  used	   to	   estimate	  pore	   sizes,	   however	   this	  
technique	  is	  only	  accurate	  in	  the	  mesopore	  and	  macropore	  range.	  169	  
More	   accurate	   results	   can	   be	   obtained	   using	  mercury	   porisometry	   as	   it	   can	  measure	  
pore	  sizes	  of	  much	  larger	  range	  (3.5nm	  to	  500μm).170	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CHAPTER	  4	  
4. Production	  of	  H2	  via	  the	  ATT	  of	  Cellulose	  in	  the	  Presence	  of	  
Group	  I	  versus	  Group	  II	  Hydroxides	  
This	  chapter	  has	  been	  published	  in	  Energy	  &	  Environmental	  Science	  under	  the	  title	  
“Biomass	  Conversion	  to	  H2	  with	  Substantially	  Suppressed	  CO2	  Formation	  in	  the	  Presence	  of	  
Group	  I	  &	  Group	  II	  Hydroxides	  and	  a	  Ni/ZrO2	  Catalyst”	  
Maxim	  R.	  Stonora,c,	  Thomas	  E.	  Fergusonb,c,	  Jingguang	  G.	  Chena,c*,	  and	  Ah-­‐Hyung	  Alissa	  Parka,b,c,*	  
	  
4.1	  Introduction	  
	   Literature	  has	  demonstrated	  that	  NaOH	  can	  be	  used	  as	  a	  successful	  additive,	  in	  
both	   the	   gasification131	   of	   glucose	   and	   the	   supercritical	   water	   (SCW)	   reaction	   of	  
cellulose129,130,	   to	   enhance	   H2	   production.	   Specifically,	   SCW	   has	   shown	   to	   be	   a	   very	  
effective	   method	   of	   producing	   H2,	   likely	   due	   to	   its	   unique	   properties	   of	   dissociated	  
water	  and	  ability	   to	   solubilize	   cellulose.	   The	  presence	  of	   the	  OH-­‐	   ion	   from	  dissociated	  
water	  in	  SCW	  may	  be	  analogous	  to	  the	  use	  of	  a	  base	  in	  the	  ATT	  reaction	  scheme.133,134	  
Ishida	  et	  al.	  demonstrated	  that	  the	  addition	  of	  NaOH	  could	  significantly	  improve	  the	  H2	  
yield	   from	   cellulose	   at	   a	   relatively	   low	   temperature	   of	   573	   K.	   Their	   suggested	   ATT	  
reaction	  stoichiometry	  was	  as	  follows:	  
C6H10O5(s)	  +	  12NaOH(s)	  +	  H2O(g)	  à	  6Na2CO3(s)	  +	  12H2(g)	   Eq.	  4.1	  
The	  efficacy	  of	  NaOH	  in	  producing	  H2	  lies	  in	  its	  ability	  not	  only	  to	  fragment	  cellulose135-­‐
137,	  but	  also	  to	   increase	  cellulose	  dissolution.138	  Furthermore	  CO2	  produced	  during	  this	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reaction	   is	   captured	   as	   a	   solid	   carbonate,	   thus	   generating	   H2	   with	   little	   or	   no	   CO2	  
Comparison	   of	   literature	   regarding	   the	   SCW	   reaction	   with	   NaOH	   and	   ATT	   reaction	  
suggests	   that	   the	  hydroxyl	   group	  may	  allow	   for	  H2	  generation	   from	  cellulose	  at	   lower	  
temperatures	  and	  pressures.	  92,133,134	  
	   Despite	  the	  desirable	  properties	  of	  NaOH	  as	  a	  reactant,	  it	  is	  far	  too	  expensive	  at	  
$921	   per	   ton	   for	   a	   large-­‐scale	   commercial	   process.139	   On	   the	   other	   hand,	   group	   II	  
hydroxides	  such	  as	  Mg(OH)2	  and	  Ca(OH)2	  	  are	  less	  expensive	  at	  $74/ton	  and	  $250/ton,	  
respectively.139	   In	   fact,	  CaO,	  the	  precursor	  to	  Ca(OH)2,	  has	  already	  demonstrated	   itself	  
as	  a	  useful	  additive	  when	  attempting	  to	  promote	  the	  WGS	  in	  favour	  of	  H2	  formation.112	  
Furthermore,	  these	  hydroxides	  can	  be	  derived	  from	  industrial	  wastes	  (e.g.,	  steel	  slags,	  
waste	  cements,	  etc.)	  or	  natural	  silicate	  minerals	  (e.g.,	  wollastonite,	  serpentine,	  etc.)	  that	  
are	  currently	  being	  considered	  as	  carbon	  storage	  media.150,151	  Therefore,	   in	  this	  study,	  
Group	  II	  hydroxides	  are	  investigated	  as	  replacements	  to	  NaOH,	  with	  Eq.	  4.2	  showing	  the	  
stoichiometry	  of	  H2	  formation	  from	  cellulose:	  
C6H10O5(s)	  +	  6Mg/Ca(OH)2(s)	  +	  H2O(g)	  à	  6Mg/CaCO3(s)	  +	  12H2(g)	   Eq.	  4.2	  
While	  Group	  II	  hydroxides	  and	  their	  complementary	  oxides	  are	  interesting	  choices	  due	  
to	  their	  lower	  cost	  and	  potential	  for	  carbon	  capture,	  the	  main	  challenge	  is	  that	  they	  are	  
weak	   bases	  with	   poor	   solubility	   and	  will	   decompose	   at	   elevated	   temperatures.	   These	  
differences	   are	   expected	   to	   reduce	   their	   chemical	   reactivity	   and	   create	  mass	   transfer	  
issues	   during	   the	   ATT	   reaction.	   To	   the	   authors’	   knowledge,	   no	   study	   exists	   which	  
compares	  the	  activity	  of	  both	  types	  of	  hydroxides	  in	  the	  ATT	  reaction.	  	  
	   Although	   the	   exact	   role	   of	   catalysts	   and	   hydroxides	   in	   the	   ATT	   reaction	   is	   not	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fully	   understood,	   there	   appears	   to	   be	   some	   general	   consensus	   regarding	   parameters	  
that	   are	   important	   in	   affecting	   the	   catalysis	   of	   cellulose	   to	   H2.	   Alkali	   salts	   have	   been	  
suggested	   as	   suitable	   additives	   to	   promote	   H2	   production.111,145,171,172	   Certain	   zeolites	  
and	  catalytic	   supports	  are	  also	  effective	   in	  catalysing	   the	  conversion	  of	  cellulose.127,173	  
Many	  types	  of	  metal	  catalysts	  have	  also	  been	  investigated	  with	  Ruthenium	  (Ru),	  Nickel	  
(Ni),	  and	  Iron	  (Fe)	  being	  identified	  as	  metals	  of	  interest.129,174,30	  	  	  Ni	  presents	  itself	  as	  the	  
most	  interesting	  catalyst	  due	  to	  its	  relatively	  low	  cost,	  and	  its	  ability	  to	  improve	  the	  H2	  
yield	  in	  various	  reaction	  schemes.92,94-­‐97,175	  Given	  the	  large	  body	  of	  literature	  regarding	  
the	   catalytic	   properties	   of	   Ni	   and	   the	   relatively	   small	   amount	   of	   work	   done	   on	  
alternative	  hydroxides	   in	   the	  ATT	  reaction,	   this	  study	   focuses	  on	  determining	  whether	  
the	  activities	  of	  Mg(OH)2	  and	  Ca(OH)2	  can	  be	  catalysed	  to	  the	  level	  of	  NaOH	  using	  a	  10%	  
Ni/ZrO2	  catalyst.	  	  
4.2	  Materials	  &	  Methods	  
4.2.1	  Sample	  Preparation	  
	   In	  the	  current	  study,	  Group	  II	  samples	  were	  prepared	  by	  mixing	  cellulose	  (Acros,	  
micro-­‐crystalline	   50μm	   particle	   size)	   powder	   with	  Mg(OH)2	   or	   Ca(OH)2	   powder	   (both	  
from	  Acros)	  at	  a	  1:6	  molar	  ratio	  according	  to	  Eq.	  4.2.	  Group	  I	  samples	  were	  prepared	  by	  
mixing	  cellulose	  with	  50wt%	  NaOH	  or	  45wt%	  KOH	  solutions	  (Sigma-­‐Aldrich)	  or	  a	  RbOH	  
powder	   (Sigma-­‐Aldrich)	   at	   a	   1:12	   molar	   ratio	   as	   per	   Eq.	   4.1.	   NaOH	   was	   loaded	   as	  
solution	   and	   subsequently	   dried,	   rather	   than	   mixed	   in	   as	   a	   solid	   since	   NaOH	   is	  
hydrophilic	  and	   tends	   to	  absorb	  water	  during	  mixing.	   Furthermore,	  adding	  NaOH	  as	  a	  
liquid	  eliminates	   the	   risk	  of	  poor	  mixing.	  However,	   the	   two	  methods	  of	  NaOH	   loading	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have	   been	   tested	   in	   the	   prior	   work	   and	   it	   was	   confirmed	   that	   in	   case	   of	   NaOH,	   the	  
method	  of	  hydroxide	  loading	  does	  not	  significantly	  impact	  H2	  formation.	  Hence,	  despite	  
different	   loading	   mixing	   methods,	   comparisons	   between	   Group	   I	   and	   Group	   II	  
hydroxides	  can	  be	  made.	  
	   Once	   the	   cellulose	   and	   hydroxide	   was	   mixed	   together,	   10%	   Ni/ZrO2	   catalyst	  
particles	  were	  added	  to	  create	  a	  mixture	  of	  which	  20%	  of	  the	  sample	  mass	  was	  catalyst.	  
The	  sample	  was	  then	  loaded	  into	  a	  1.05	  cm	  I.D.	  quartz	  tube	  and	  held	  in	  place	  between	  
two	  pieces	  of	  quartz	  wool.	  The	  mass	  of	  sample	  was	  always	  kept	  between	  600	  and	  800	  
mg	  and	  all	  the	  results	  were	  normalized	  to	  the	  moles	  of	  cellulose	  used	  in	  order	  to	  enable	  
accurate	  comparisons.	  The	  Ni-­‐catalyst	  was	  prepared	  by	  dissolving	  550.5	  mg	  of	  Nickel	  (II)	  
Nitrate	  Hexahydrate	  in	  30	  mL	  of	  D.I.	  water	  upon	  which	  one	  gram	  of	  finely	  ground	  ZrO2	  
(Alfa-­‐Aesar)	  was	  added	  to	  the	  stirred	  solution.	  The	  mixture	  was	  then	  heated	  and	  left	  to	  
evaporate	   thus	   gradually	   concentrating	   the	   solution	   and	   impregnating	   the	  metal	   salt	  
into	   the	   support.	   	   The	   catalyst	  was	   then	   dried	   at	   363	   K	   overnight	   and	   calcined	   in	   air	  
while	   heating	   at	   a	   rate	   of	   0.4	   K/min	   to	   563	   K	   and	   holding	   for	   2	   hours.	   The	   oxidized	  
metals	  were	  then	  reduced	  in	  a	  tube	  furnace	  in	  a	  pure	  H2	  atmosphere	  for	  1	  hour	  at	  773K.	  	  
4.2.2	  Material	  Characterization	  
	   In	  case	  of	  Group	  II	  hydroxides,	  their	  solubilities	  are	  low,	  and	  are	  therefore	  mixed	  
in	   as	   solid	   powders.	   The	   average	   particle	   sizes	   of	  Mg(OH)2	   and	   Ca(OH)2	   are	   9	   and	   19	  
mm,	   respectively,	  while	   cellulose	   is	   about	   50	  mm.	   The	   surface	   areas	   of	   cellulose	   and	  
Group	   II	   hydroxides	   are	   relatively	   low	   ranging	   from	   2.5	   m2/g	   (cellulose),	   5.7	   m2/g	  
(Mg(OH)2)	  to	  15	  m2/g	  (Ca(OH)2).	  The	  average	  particle	  sizes	  of	  the	  ZrO2	  support	  and	  10%	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Ni/ZrO2	   catalyst	   are	   14	   and	   16	   μm,	   respectively,	   similar	   to	   cellulose	   and	   the	  Group	   II	  
hydroxides,	  while	  their	  surface	  areas	  are	  relatively	  high	  (ZrO2	  support	  (88	  m2/g)	  and	  10%	  
Ni/ZrO2	   (71	  m2/g)).	   The	   CO	   chemisorption	   value	   for	   the	   10%	   Ni/ZrO2	   catalyst	   is	   34.5	  
mmol/g,	  which	  is	  used	  to	  calculate	  the	  dispersion	  (~2%)	  and	  the	  average	  size	  of	  the	  Ni	  
crystals	   in	   the	   catalyst,	   56	  nm.	   The	  number	  of	   active	  Ni	   sites	   is	   low,	   likely	   due	   to	   the	  
synthesis	  procedure	  and	  high	  loading	  of	  metal.	  
4.2.3	  Reactor	  Studies	  
	   The	   ATT	   reactions	   were	   carried	   out	   in	   a	   reactor	   system	   designed	   by	  
Micromeritics.	   The	   quartz	   tube	   containing	   the	   sample	   was	   placed	   inside	   the	   reactor,	  
sealed,	  and	  purged	  of	  O2	  under	  a	  constant	  N2	  flow	  of	  20	  mL/min.	  After	  the	  purging	  step,	  
the	  reactor	  and	  the	  surrounding	  hotbox	  were	  pre-­‐heated	  at	  a	  heating	  rate	  of	  4	  K/min	  to	  
373	  K.	  Samples	  prepared	  using	  NaOH	  and	  KOH	  solutions	  required	  an	  isothermal	  heating	  
treatment	  at	  373	  K	  for	  20	  minutes	  in	  order	  to	  remove	  the	  excess	  water.	  Once	  the	  loaded	  
sample	  was	   preheated,	  water	  was	   injected	   into	   the	   hotbox	   via	   a	   high-­‐pressure	   liquid	  
pump	  at	  a	  rate	  of	  0.007	  mL/min,	  where	  it	  was	  preheated	  and	  mixed	  with	  N2	  to	  prepare	  
steam	  at	  a	  given	  flow-­‐rate	  for	  the	  ATT	  reaction.	  The	  ATT	  reaction	  was	  then	  initiated	  by	  
heating	   the	   reactor	   at	   a	   rate	   of	   4	   K/min	   to	   773	   K	   while	   introducing	   steam.	   The	   gas	  
stream	   exiting	   the	   reactor	   was	   fed	   into	   a	   Peltier	   condenser	   to	   separate	   condensable	  
compounds	   from	   light	   gases.	   The	   product	   gases	   were	   then	   quantified	   online	   via	   an	  
Inficon	  micro-­‐GC	  3000	  with	  a	  sampling	  rate	  of	  2.3	  minutes.	  The	  detection	  limits	  of	  the	  
instrument	  were	  20	  ppm	  for	  H2,	  and	  in	  the	  ppm	  ranges	  for	  O2,	  N2,	  CH4,	  CO,	  and	  CO2.	  The	  
overall	  H2	  yields	  were	  determined	  via	  analysis	  of	  a	  tedlar	  gasbag.	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4.3	  Results	  and	  Discussions	  
4.3.1	  Comparison	  Between	  Group	  I	  and	  Group	  II	  Hydroxides	  
	   Figure	  4.1	  presents	  the	  online	  gaseous	  product	  formation	  rates	  as	  a	  function	  of	  
temperature	   up	   to	   773	   K	   for	   the	   non-­‐catalytic	   conversion	   of	   cellulose	   with	   different	  
Group	  I	  and	  Group	  II	  metal	  hydroxides	  and	  compares	  it	  to	  cellulose	  pyrolysis.	  It	  can	  be	  
seen	   that	   the	   Group	   I	   metal	   hydroxides	   have	   distinct	   gaseous	   product	   formation	  
behaviours,	   in	   agreement	   with	   literature.133,134	   With	   respect	   to	   H2	   formation,	   two	  
distinct	  peaks	  are	   seen	   for	   the	  Group	   I	  hydroxides	  with	   the	   first	  peak	  of	  H2	   formation	  
occurring	  between	  500	  K	  and	  525	  K.	  A	  secondary	  H2	  peak	  is	  also	  observed	  with	  the	  peak	  
shifting	  to	  lower	  temperatures	  with	  increasing	  OH-­‐	  strength:	  600	  K	  for	  NaOH,	  561	  K	  for	  
KOH	  and	  546	  K	  for	  RbOH.	  The	  shift	  in	  the	  secondary	  peaks	  indicates	  that	  the	  presence	  of	  
more	   OH-­‐	   may	   favour	   the	   reaction	   pathways	   occurring	   at	   higher	   temperature.	   Yet,	  
despite	   the	   difference	   in	   the	   H2	   formation	   curves,	   the	   conversion	   of	   cellulose	   for	   all	  
Group	  I	  hydroxides	  is	  similar	  at	  approximately	  31%	  to	  33%.	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Figure	  4.1:	  Formation	  rates	  of	  H2,	  CO	  and	  CO2	  for	  the	  group	  I	  hydroxides	  (NaOH,	  KOH,	  and	  
RbOH)	  and	  group	  II	  hydroxides	  (Mg(OH)2	  and	  Ca(OH)2),	  as	  well	  as	  pyrolysis	  for	  reference	  
	  
	   In	   contrast,	   group	   II	   metal	   hydroxides	   show	   little	   or	   no	   activity.	   Pyrolysis	   and	  
Mg(OH)2	  show	  small	  H2	  formation	  peaks	  at	  773	  K	  and	  761,	  with	  their	  actual	  conversions	  
being	  ~0%	  and	  ~0.4%,	  respectively.	  Conversely,	  Ca(OH)2	  shows	  some	  improvement	  with	  
a	  peak	  of	  H2	  formation	  occurring	  at	  636	  K	  and	  an	  overall	  conversion	  of	  ~1.2%.	  The	  clear	  
difference	   between	   the	   activity	   of	   the	  Group	   I	   and	  Group	   II	   hydroxides	   brings	   up	   the	  
important	   distinction	   between	  pyrolysis	   and	  ATT	  driven	   gas	   formation.	  Gas	   formation	  
through	  pyrolysis	  does	  not	  begin	  until	  elevated	  temperatures,	  generally	  above	  670	  K176,	  
whereas	  the	  ATT	  of	  cellulose	  produces	  gases	  with	  a	  high	  selectivity	  for	  H2	  at	  much	  lower	  
temperatures.133,134	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   CO2	   formation	   is	   not	   significant	   for	   the	   Group	   I	   hydroxides	   except	   at	  
temperatures	   above	   700	   K	   where	   it	   is	   possible	   that	   small	   amounts	   of	   cellulose	   are	  
undergoing	   pyrolysis	   to	   produce	   some	   CO2.	   The	   decomposition	   of	   any	   formed	  
carbonates	  can	  be	  ruled	  out	  since	  the	  thermal	  decomposition	  temperatures	  of	  Na-­‐177,	  K-­‐
178	   and	   Rb-­‐carbonate179	   species	   are	   higher	   than	   the	   temperature	   range	   studied.	   In	  
comparison,	   the	   Group	   II	   hydroxides	   do	   not	   form	   carbonates	   easily,	   with	   literature	  
indicating	   that	   it	   is	   infeasible	   to	   carbonate	  Mg(OH)2	   at	   ambient	   pressure144	   and	   that	  
Ca(OH)2	  only	  shows	  significant	  carbonation	  above	  613	  K.180	  Conversely,	  NaOH	  is	  known	  
to	  form	  carbonate	  spontaneously	  in	  the	  presence	  of	  room	  air	  (500ppm).181	  This	  explains	  
why	   a	   small	   amount	   of	   CO2	   formation	   is	   observed	   above	   550	   K	   for	   the	   Group	   II	  
hydroxides	   but	   not	   for	   the	  Group	   I	   hydroxides.	  However,	   keeping	   consistent	  with	   the	  
trend	  of	  increasing	  hydroxide	  strength,	  Ca(OH)2	  shows	  less	  CO2	  formation	  than	  Mg(OH)2	  
or	  pyrolysis.	  
	   With	  respect	  to	  CO,	  its	  formation	  for	  the	  Group	  II	  hydroxides	  is	  similar	  with	  the	  
peak	   occurring	   at	   around	   625	   K.	   The	   similarity	   between	   the	   Group	   II	   hydroxides	   and	  
pyrolysis	  would	  imply	  that	  the	  Mg(OH)2	  and	  Ca(OH)2	  behave	  more	  similarly	  to	  pyrolysis	  
and	  do	  not	  follow	  the	  ATT	  stoichiometry.	  For	  group	  I	  hydroxides,	  CO	  formation	  begins	  at	  
higher	  temperatures	  with	  increasing	  hydroxide	  strength;	  627	  K	  for	  NaOH,	  708	  K	  for	  KOH	  
and	  RbOH,	  which	  does	  not	  produce	  CO	  in	  the	  temperature	  range	  of	  the	  current	  study.	  
This	  observation	   is	   supported	  by	   literature	  which	  shows	  that	  CO	  can	  react	  mildly	  with	  
NaOH	  to	  produce	  H2.182	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   In	   order	   to	   confirm	   whether	   the	   measured	   conversion	   to	   H2	   with	   NaOH	   is	  
accurate,	   secondary	   interactions	   with	   the	   quartz	   reactor	   is	   performed.	   There	   is	   a	  
possibility	   that	   the	   presence	   of	   quartz	   consumes	   NaOH	   and	   produces	   Na2SiO3.	   This	  
would	   adversely	   affect	   the	   reaction	   and	   hinder	   H2	   production.	   To	   rule	   out	   this	  
possibility,	  SiO2	  was	  added	  at	  20%	  loading	  to	  the	  NaOH	  and	  cellulose	  mixture.	  Figure	  4.2	  
shows	  the	  formation	  rates	  of	  H2,	  CO	  and	  CO2	  in	  the	  case	  of	  NaOH	  and	  NaOH	  +	  SiO2.	  The	  
results	   are	   very	   similar	   therefore	   it	   is	   unlikely	   that	   quartz	   reactor	   consumes	   any	  
considerable	  amount	  of	  NaOH	  that	  would	  affect	  the	  conversion	  of	  cellulose	  to	  H2.	  	  
	  
	  
Figure	  4.2:	  Effect	  of	  SiO2	  at	  20%	  Loading	  on	  the	  reaction	  between	  NaOH	  and	  Cellulose	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   Figures	   4.1	   and	   4.2	   indicate	   that	   Group	   I	   hydroxides	   show	   advantages	   in	  
converting	   cellulose	   to	  H2,	  which	   include	  higher	   conversion	   to	  H2,	   lower	  H2	   formation	  
temperatures	  and	  suppressed	  COx.	  However,	  for	  large-­‐scale	  applications,	  the	  production	  
of	  Group	  I	  hydroxides	  consumes	  too	  much	  energy	  and	  is	  expensive.	  Group	  I	  hydroxides	  
are	  produced	  via	  the	  electrolysis	  of	  brine183,	  thus	  reducing	  the	  net	  energy	  output	  of	  the	  
cellulose	  conversion	  reaction.	  Group	  II	  hydroxides,	  in	  particular	  Ca(OH)2,	  can	  be	  derived	  
from	   CaO,	  which	   could	   potentially	   be	   sourced	   from	  waste	  materials	   such	   as	   stainless	  
steel	  slag,	  of	  which	  40%	  of	  the	  output	  is	  stockpiled	  and	  can	  contain	  CaO	  contents	  of	  up	  
to	  12%.152	  However,	  due	  to	  the	  low	  activity	  of	  Ca(OH)2	  and	  Mg(OH)2,	   it	   is	  necessary	  to	  
develop	  a	  metal	  catalyst	  that	  can	  catalyse	  their	  respective	  reactions.	  
4.3.2	  Improving	  the	  Yield	  of	  H2	  with	  a	  10%	  Ni/ZrO2	  Catalyst	  
	   Figure	  4.3	  illustrates	  the	  effect	  of	  the	  10%	  Ni/ZrO2	  catalyst	  on	  the	  formation	  rate	  
of	   H2	   for	   the	   cases	   of	   pyrolysis,	   NaOH,	   Mg(OH)2	   and	   Ca(OH)2.	   For	   pyrolysis,	   the	  
conversion	  to	  H2	  increases	  from	  0%	  to	  5.8%.	  Ni	  is	  known	  to	  aid	  in	  the	  cracking	  of	  
tar	   to	  gaseous	  products,	  184,185	  as	  evidenced	  by	   the	   increase	   in	   the	  H2	   formation	  
rate	   as	   observed	   in	   the	   cases	   of	   pyrolysis,	   Mg(OH)2	   and	   Ca(OH)2	   at	   elevated	  
temperatures.	   For	   NaOH	   the	   inclusion	   of	   the	   catalyst	   causes	   an	   increase	   in	  
conversion	  from	  33%	  to	  66%.	  It	  is	  clear	  that	  the	  mechanisms	  of	  this	  reaction	  are	  
different	   from	   that	   of	   pyrolysis	   and	  Group	   II	   hydroxides.	   For	   both	   the	   catalytic	  
and	   non-­‐catalytic	   cases,	   NaOH	   has	   two	   distinct	   H2	   peaks,	   with	   the	   first	   peak	  
appearing	  at	  ~515	  K.	  In	  the	  catalytic	  case	  an	  increase	  in	  the	  magnitude	  of	  the	  first	  
peak	  and	  a	  shift	  in	  the	  second	  peak	  from	  600K	  to	  559K	  is	  observed.	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Figure	  4.3:	  Formation	  rates	  of	  H2	  for	  the	  non-­‐catalytic	  cases	  of	  (A)	  Pyrolysis,	  (B)	  NaOH,	  
(C)	  Mg(OH)2,	  and	  (D)	  Ca(OH)2	  
	  
	   Figure	  4.3	   illustrates	   the	  effect	  of	   the	   inclusion	  of	   the	  10%	  Ni/ZrO2	   catalyst	  on	  
the	   formation	   rate	   of	  H2	   for	   the	   cases	   of	   pyrolysis,	   NaOH,	  Mg(OH)2	   and	   Ca(OH)2.	   For	  
pyrolysis,	   the	  conversion	  to	  H2	   increases	  from	  0%	  to	  5.8%.	  Ni	   is	  known	  to	  aid	   in	  
the	  cracking	  of	  tar	  to	  gaseous	  products,	  184,185	  as	  evidenced	  by	  the	  increase	  in	  the	  
H2	  formation	  rate	  as	  observed	  in	  the	  cases	  of	  pyrolysis,	  Mg(OH)2	  and	  Ca(OH)2	  at	  
elevated	  temperatures.	  For	  NaOH	  the	  inclusion	  of	  the	  catalyst	  causes	  an	  increase	  
in	  conversion	   from	  33%	  to	  66%.	   It	   is	   clear	   that	   the	  mechanisms	  of	   this	   reaction	  
are	  quite	  different	   from	  that	  of	  pyrolysis	  and	  Group	   II	  hydroxides.	   For	  both	   the	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catalytic	  and	  non-­‐catalytic	  cases,	  NaOH	  have	  two	  distinct	  H2	  peaks,	  with	  the	  first	  
peak	  appearing	  at	  ~515	  K	  for	  the	  non-­‐catalytic	  case.	  The	  addition	  of	  the	  catalyst	  
results	  in	  an	  increase	  in	  the	  magnitude	  of	  the	  first	  peak	  and	  a	  shift	  in	  the	  second	  
peak	  from	  600K	  to	  559K.	  	  
	  
	  
Figure	  4.4:	  Formation	  rates	  of	  CO2	  for	  the	  non-­‐catalytic	  and	  catalytic	  cases	  of	  (A)	  
Pyrolysis,	  (B)	  NaOH,	  (C)	  Mg(OH)2	  and	  (D)	  Ca(OH)2	  
	  
	   It	  is	  interesting	  to	  note	  that	  for	  the	  catalytic	  case,	  NaOH	  shows	  a	  significant	  
increase	   in	   CO2	   production	   (Figure	   4.4)	  while	   eliminating	   the	   production	   of	   CO	  
(Figure	  4.5).	  However,	  Mg(OH)2	  and	  pyrolysis	  show	  an	  enhancement	   in	  both	  CO	  
and	  CO2,	  with	  a	  significant	  correlation	  between	  the	  CO2	  and	  H2	  formation	  curves.	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It	  seems	  that	   in	  these	  cases	  the	  production	  of	  H2	   is	   linked	  with	  the	  production	  of	  CO2.	  
The	  ratio	  of	  formation	  rates	  (H2/CO2)	  during	  H2	  formation	  for	  Mg(OH)2	  and	  pyrolysis	   is	  
~2.	  Several	  papers	  have	  reported	  the	  various	  reactions	  of	  cellulose	  to	  H2	  with	  cellulose	  
gasification	  being	  described	  by	  Eq.	  4.3.	  174,186,187	  
𝐶!𝐻!"𝑂! 𝑠 + 7𝐻!𝑂(𝑔) → 12𝐻!(𝑔)+ 6𝐶𝑂!(𝑔)	   Eq.	  4.3	  
This	   result	   indicates	   that	   the	   addition	   of	   catalyst	   causes	   the	   reaction	   to	   favor	   this	  
particular	  stoichiometry.	  This	  illustrates	  that	  at	  lower	  temperatures	  (<600	  K)	  NaOH	  
is	   capable	   of	   generating	   H2	   while	   suppressing	   CO2	   formation	   due	   to	   its	   strong	  
carbon	   absorption	   capability,	   whereas	   Mg(OH)2	   and	   pyrolysis	   will	   always	   form	  
CO2	   due	   to	   the	   lack	   of	   a	   strong	   carbon	   sorbent.	   The	   addition	   of	   the	   catalyst	   to	  
Ca(OH)2,	   on	   the	   other	   hand,	   has	   different	   characteristics,	   with	   no	   clear	   correlation	  
between	  H2	  and	  CO2	  formation.	  This	  does	  not	  imply	  that	  CO2	  is	  not	  produced,	  but	  rather	  
that	  the	  CO2	  absorption	  ability	  of	  Ca(OH)2	  is	  greater	  than	  Mg(OH)2.	  
	   With	  respect	  to	  catalyzing	  the	  activity	  of	  the	  Group	  II	  hydroxides,	  the	  addition	  of	  
the	   catalyst	   to	   Mg(OH)2	   significantly	   increases	   the	   H2	   yield	   from	   0.4%	   and	   16.1%.	  
Overall,	  the	  effect	  of	  Mg(OH)2	  for	  the	  non-­‐catalytic	  case	  does	  very	  little	  to	  improve	  the	  
pyrolysis	   of	   cellulose,	   however,	   the	   combination	   of	   Mg(OH)2	   and	   the	   10%	   Ni/ZrO2	  
catalyst	  shows	  a	  near	  tripling	  in	  H2	  production	  when	  compared	  to	  	  pyrolysis	  of	  cellulose	  
(5.8%).	  Similarly,	  the	  reaction	  of	  Ca(OH)2	  with	  cellulose	  shows	  that	  the	  inclusion	  of	  the	  
catalyst	   results	   in	   a	   significant	   increase	   in	   the	   yield	   of	   H2	   from	   1.2%	   to	   31.4%.	   This	  
conversion	   is	   comparable	   to	   the	   conversion	   of	   cellulose	  with	   NaOH	  without	   the	   10%	  
Ni/ZrO2	  catalyst	  (~33%).	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Figure	  4.5:	  Formation	  rates	  of	  CO	  for	  the	  non-­‐catalytic	  and	  	  catalytic	  cases	  of	  (A)	  
Pyrolysis,	  (B)	  NaOH,	  (C)	  Mg(OH)2	  and	  (D)	  Ca(OH)2	  
	  
	   By	  dividing	  the	  amounts	  of	  excess	  H2	  produced	  by	  the	  CO	  chemisorption	  value,	  
the	  turnover	  numbers	  for	  the	  10%	  Ni/ZrO2	  catalyst	  in	  the	  presence	  of	  Mg(OH)2,	  Ca(OH)2	  
and	  NaOH	   are	   found	   to	   be	   426,	   696	   and	   704,	   respectively,	   thus	   indicating	   that	   these	  
reactions	   are	   catalytic.	   Integration	   of	   the	   H2	   and	   CO2	   formation	   rate	   curves	   given	   in	  
Figure	  4.3	  and	  4.4	   indicates	   that	   the	  H2/CO2	   ratios	  of	   the	   final	  gas	  products	   for	  NaOH	  
and	  Ca(OH)2+10%	  Ni/ZrO2	  is	  38	  and	  35,	  respectively.	  This	  result	  demonstrates	  that	  not	  
only	  can	  NaOH	  greatly	  outperform	  cellulose	  gasification	  in	  relation	  to	  the	  CO2	  released	  
(H2/CO2=2),	   but	   Ca(OH)2	   with	   a	   10%	  Ni/ZrO2	   catalyst	   can	   also	   achieve	   similar	   results.	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Furthermore	   it	   is	   apparent	   that	   the	   addition	   of	   10%	   Ni/ZrO2	   to	   Ca(OH)2	   bears	   some	  
resemblance	  to	  the	  H2	  formation	  curves	  of	  NaOH,	  except	  the	  peaks	  are	  slightly	  broader	  
and	  are	  shifted	  to	  higher	  temperatures	  appearing	  at	  592	  K	  and	  721	  K.	  
4.3.3	  The	  Effect	  of	  the	  Catalyst	  Support	  
	   While	  the	  results	  show	  that	  the	  10%	  Ni/ZrO2	  is	  highly	  effective	  at	  promoting	  the	  
H2	   yield	   in	   the	   case	   of	   Ca(OH)2,	   it	   is	   unclear	   as	   to	   whether	   this	   is	   due	   to	   a	  metal	   or	  
support	   effect,	   hence	   the	   effect	   of	   ZrO2	   was	   investigated	   without	   any	   added	   metal	  
content.	   Figure	   4.6	   shows	   that	   the	   formation	   rates	   of	   three	   gases	   (H2,	   CO,	   CO2)	   had	  
similar	  trends	  to	  the	  Ca(OH)2	  baseline,	  rather	  than	  10%	  Ni/ZrO2	  case.	  This	  indicates	  that	  
the	  catalyst	  support,	  ZrO2,	  has	  a	  negligible	  effect	  on	  the	  ATT	  of	  cellulose	  in	  the	  presence	  
of	  Ca(OH)2	  and	  the	  H2	  formation	  was	  enhanced	  by	  the	  Ni	  metal.	  	  
	  
Figure	  4.6:	  Effect	  of	  ZrO2	  at	  20%	  Loading	  on	  the	  Reaction	  Between	  Ca(OH)2	  and	  Cellulose	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   Similarly,	   the	   effect	   of	   changing	   the	   support	  was	   also	   investigated	   in	   order	   to	  
confirm	   that	   the	   support	   did	   not	   promote	   the	   Nickel	   catalyst	   through	   a	   synergistic	  
effect.	   A	   10%	   Ni/CeO2	   catalyst	   was	   synthesized	   and	   compared	   to	   the	   10%	   Ni/ZrO2.	  
Figure	  4.7	  shows	  that	  the	  10%	  Ni/CeO2	  case	  results	  in	  a	  slightly	  higher	  conversion	  to	  H2	  
(36%)	  in	  comparison	  to	  the	  10%	  Ni/ZrO2	  case	  (31%).	  This	  indicates	  that	  that	  a	  synergistic	  
effect	  between	  Nickel	  and	  ZrO2	  is	  not	  likely.	  	  Although	  CeO2	  shows	  greater	  activity	  than	  
ZrO2,	  this	  effect	  may	  be	  due	  to	  a	  difference	  in	  particle	  sizes.	  CeO2	  has	  a	  particle	  sizes	  in	  
the	  range	  of	  nanometers,	  in	  comparison	  to	  ZrO2	  that	  is	  micron	  in	  size.	  The	  smaller	  CeO2	  
particles	   may	   decrease	   mass	   transfer	   limitations	   hence	   resulting	   in	   superior	   catalytic	  
activity.	  
	  
Figure	  4.7:	  Comparison	  of	  the	  Effect	  of	  ZrO2	  and	  CeO2	  as	  Catalytic	  Supports	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4.3.4	  Catalyst	  Recyclability	  
	   While	   the	   catalytic	   results	   with	   Ca(OH)2	   is	   very	   promising,	   it	   is	   important	   to	  
determine	   whether	   the	   catalyst	   undergoes	   significant	   deactivation	   under	   these	  
conditions.	   To	   investigate	   this	   further,	   the	   entire	   reaction	   residue	   (containing	   the	  
catalyst,	   CaCO3,	   residual	   CaO/Ca(OH)2,	   and	   char)	   was	  mixed	   with	   fresh	   Cellulose	   and	  
Ca(OH)2	  and	  tested	  as	  a	  new	  sample.	  As	  shown	  in	  Figure	  4.8,	  after	  a	  second	  cycle	  there	  
is	  no	  significant	  reduction	  in	  catalytic	  activity.	  The	  H2,	  CO,	  and	  CO2	  formation	  curves	  are	  
very	   similar	   therefore	   indicating	   that	   the	   catalyst	  does	  not	  deactivate	  after	  one	   cycle.	  
Although	   the	   residual	   CaO/Ca(OH)2	   could	   potentially	   enhance	   the	   reaction	   and	  
artificially	  enhance	  the	  amount	  of	  H2	  produced	  with	  the	  recycled	  catalyst,	  the	  amount	  of	  
non-­‐catalytic	  H2	  generated	  with	  Ca(OH)2	  is	  negligible	  in	  comparison	  to	  catalytic	  amounts	  
and	  can	  be	  ignored.	  In	  the	  future	  a	  long-­‐term	  recyclability	  test	  of	  an	  optimized	  catalyst	  
will	  be	  performed,	  however	  these	  initial	  results	  are	  promising.	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Figure	  4.8:	  Activity	  of	  Recycled	  Catalyst	  Compared	  to	  the	  Baseline	  of	  Ca(OH)2	  +	  10%	  
Ni/ZrO2	  Case	  
4.3.5	  Implications	  of	  the	  Stoichiometry	  
	   If	  Eq.	  4.1	  and	  Eq.	  4.2	  are	  true,	  it	  would	  be	  possible	  to	  estimate	  the	  amount	  of	  H2	  
produced	  based	  on	   the	  amount	  of	   carbonate	  generate	   in	  each	  experiment.	  Figure	  4.9	  
shows	  that	  with	  increasing	  hydroxide	  strength	  the	  amount	  of	  carbon	  absorbed/reacted	  
to	  form	  inorganic	  solid	  carbon	  increases	  (left).	  Interestingly	  in	  all	  cases,	  the	  estimated	  H2	  
yields	  are	  greater	  than	  those	  of	  actually	  observed	  in	  the	  gas	  analyses.	  This	  indicates	  that	  
the	  ATT	  of	  cellulose	   is	  more	  complex	   than	  what	   is	   implied	  by	  Eq.	  4.1	  and	  Eq.	  4.2,	  and	  
that	  there	  are	  multiple	  pathways	  involved.	  The	  pathway	  in	  which	  NaOH	  carbonates	  may	  
be	   different	   from	   Ca(OH)2.	   While	   it	   is	   known	   that	   NaOH	   breaks	   cellulose	   into	   small	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organic	   acids,	   which	   then	   gasify,	   the	   way	   in	   which	   Ca(OH)2	   generates	   H2	   is	   not	   well	  




Figure	  4.9:	  Inorganic	  Carbon	  Analysis	  of	  Baselines	  and	  Ca(OH)2	  with	  10%	  Ni/ZrO2	  
(Left),Expected	  H2	  Yield	  Based	  on	  Inorganic	  Carbon	  Percentage	  (Right)	  
	  
4.4	  Conclusions	  
	   These	   results	   demonstrate	   that	   when	   attempting	   to	   convert	   cellulose	   to	   H2,	  
there	  are	   two	  main	   types	  of	  hydroxides	   that	  can	  be	  used.	  Group	   I	  hydroxides	  achieve	  
higher	  conversion,	  have	  lower	  gaseous	  side-­‐product	  yield	  and	  require	  a	  lower	  operating	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impractical	   for	   large-­‐scale	   use.	   	   A	   10%	   Ni/ZrO2	   catalyst	   is	   used	   to	   catalyse	   weak	  
hydroxides	  such	  as	  Mg(OH)2	  and	  Ca(OH)2	  to	  the	  effectiveness	  of	  NaOH.	  It	  is	  found	  that	  
Mg(OH)2	   without	   catalyst	   (0.4%)	   behaves	   very	   similarly	   to	   pyrolysis	   (0%)	   and	   has	   a	  
similar	   distribution	   of	   gaseous	   side-­‐products.	   However,	   Mg(OH)2	   with	   catalyst	   sees	   a	  
near	  tripling	  (16.1%)	  in	  the	  H2	  yield	  compared	  to	  pyrolysis	  with	  catalyst	  (5.8%).	  Similarly,	  
the	   addition	   of	   10%	  Ni/ZrO2	   to	   Ca(OH)2	   (1.2%)	   showed	   an	   even	   larger	   increase	   in	   H2	  
yield	  (31.4%).	  These	  results	  demonstrate	  the	  feasibility	  of	  using	  the	  combination	  of	  10%	  
Ni/ZrO2	  and	  Ca(OH)2	  to	  achieve	  performance	  similar	  to	  NaOH	  for	  the	  production	  of	  H2	  
with	  substantially	  supressed	  CO2	  formation.	  
	   In	   terms	  of	   the	  overall	  H2	   production,	   it	   can	  be	   seen	   that	   the	  NaOH	   case	  may	  
economically	   be	   competitive	   with	   the	   group	   II	   hydroxide	   cases	   despite	   lower	   costs.	  
However,	  the	  overall	  net	  economic	  benefit	  is	  not	  only	  associated	  with	  the	  H2	  production	  
but	  also	  net	  carbon	  emission	  reduction	  (especially	  if	  CO2	  has	  a	  cost).	  Both	  Mg(OH)2	  and	  
Ca(OH)2	  can	  be	  produced	  from	  non-­‐carbonate	  minerals	  and	  industrial	  wastes,	  and	  thus,	  
their	  costs	  are	  inherently	  lower	  as	  well	  as	  their	  carbon	  footprint	  compared	  to	  NaOH.	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CHAPTER	  5	  
5. Investigation	  of	  the	  ATT	  Reaction	  Pathways	  	  
via	  In-­‐situ	  and	  Ex-­‐situ	  Catalysis	  
This	  chapter	  has	  been	  submitted	  to	  International	  Journal	  of	  Hydrogen	  Energy	  under	  the	  title	  
“Bio-­‐Energy	  with	  Carbon	  Capture	  and	  Storage	  (BECCS)	  Potential:	  Production	  of	  High	  Purity	  
H2	  from	  Cellulose	  via	  Alkaline	  Thermal	  Treatment	  with	  Gas	  Phase	  Reforming	  of	  
Hydrocarbons	  over	  Various	  Metal	  Catalysts”	  
Maxim	  R.	  Stonora,c,	  Jingguang	  G.	  Chena,c,*,	  and	  Ah-­‐Hyung	  Alissa	  Parka,b,c,*	  
	  
5.1	  Introduction	  
	   The	  previous	  chapter	  and	  published	  work134,133	  have	  shown	  that	  model	  biomass	  
compounds	   (e.g.,	   glucose	   and	   cellulose)	   can	   be	   converted	   to	   H2	  with	   suppressed	   COx	  
production	  via	  an	  Alkaline	  Thermal	  Treatment	  (ATT)	  with	  NaOH.	  Our	  recent	  study	  also	  
showed	  that	  other	  hydroxides	  including	  Ca(OH)2	  can	  also	  facilitate	  the	  ATT	  of	  biomass,	  
particularly	   in	   the	  presence	  of	  Ni-­‐based	  catalysts,	  although	   its	  exact	  mechanism	   is	  still	  
unknown.43	  	  
	   The	   role	   of	   calcium-­‐based	   compounds	   on	   cellulose	   conversion	   reactions	   is	  
documented	  to	  some	  degree	  in	  literature,	  although	  not	  specifically	  for	  the	  ATT	  process.	  
For	  instance,	  CaO	  has	  been	  reported	  to	  promote	  the	  water-­‐gas	  shift	  (WGS)	  reaction,	  and	  
hence,	  H2	  production	  by	  acting	  as	  a	  CO2	  sorbent.113-­‐115	  Others	  also	  reported	  that	  CaO	  is	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effective	   in	   improving	   gaseous	   yields	   through	   the	   cracking	   of	   tars	   and	   gasification	   of	  
chars	  to	  light	  gases	  during	  biomass	  conversion.112,116	  	  
	   Other	   studies	  have	   investigated	   the	   role	  of	   alkaline	  earth	  metal	   hydroxides	  on	  
biomass	  conversion	   in	   the	  presence	  of	  water.	  While	   the	  solubility	  of	   those	  hydroxides	  
(e.g.,	   Ca(OH)2	   and	   Mg(OH)2)	   are	   relatively	   low,	   the	   reaction	   mechanisms	   can	   vary	  
significantly	  depending	  on	  the	  presence	  of	  water.	  Ca(OH)2	  has	  been	  shown	  to	  aid	  in	  the	  
decomposition	  of	  volatiles	  and	  the	  gasification	  of	  chars	  in	  the	  supercritical	  water	  (SCW)	  
regime	  while	   also	   acting	   as	   a	   CO2	   sorbent.149,128	  Our	   previous	   study	   on	   the	   enhanced	  
WGS	  reaction	  in	  the	  presence	  of	  Mg(OH)2	  slurry	  revealed	  that	   in-­‐situ	  mineralization	  of	  
CO2	  can	  significantly	  improve	  the	  H2	  formation	  from	  syn-­‐gas.144	  
	   Even	  the	  addition	  of	  relatively	  inert	  materials	  such	  as	  alkali	  earth	  metal	  chlorides	  
(e.g.,	  CaCl2)	  can	  also	  impact	  the	  extent	  of	  cellulose	  pyrolysis	  by	  increasing	  the	  amount	  of	  
low	   molecular	   weight	   products	   from	   the	   cracking	   of	   levoglucosan	   and	   5-­‐HMF.188	   In	  
general,	   the	   decomposition	   of	   cellulose	   into	   lower	   molecular	   weight	   products	   is	   the	  
desired	  route	  as	  it	  is	  known	  that	  compounds	  such	  as	  formic	  and	  glycolic	  acid	  can	  readily	  
be	  converted	  to	  light	  gases.134,128,126,189	  Studies	  have	  shown	  that	  the	  type	  of	  metal	  cation	  
(e.g.,	  Na,	  K,	  Ca)	  may	  also	  play	  an	  important	  role	  in	  biomass	  pyrolysis.182,190	  
	   Furthermore,	   there	   are	   specific	   studies	   related	   to	   biomass	   degradation	   in	   the	  
presence	  of	  alkali.	  The	  alkaline	  degradation	  of	  cellulose	  is	  a	  complex	  multi-­‐step	  process	  
including	  end-­‐wise	  degradation	  (also	  known	  as	  ‘peeling’	  or	  ‘unzipping’),	  random	  alkaline	  
scission	   as	  well	   as	  oxidative	   alkaline	  degradation.123,124	   In	   the	  presence	  of	   alkali,	  main	  
degradation	   products	   of	   cellulose	   via	   the	   peeling	   process	   is	   3-­‐deoxy-­‐2-­‐C-­‐
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(hydroxymethyl)-­‐erythro-­‐	   and	   threo-­‐pen-­‐tonic	   acids	   (D-­‐glucoisosaccharinic	   	   acids).124	  
The	  addition	  of	  calcium	  ions	  has	  shown	  to	  enhance	  such	  cellulose	  degradation	  process	  
by	   catalyzing	   the	   conversion	   of	   cellulose	   decomposition	   intermediates	   to	   D-­‐
glucoisosaccharinic	  acids.135	  At	   temperatures	  above	  443	  K,	   random	  alkaline	  scission	  of	  
the	  β-­‐1,4-­‐glycosidic	  linkages	  also	  occurs	  and	  thus	  results	  in	  further	  cellulose	  degradation	  
through	  the	  “peeling”	  of	  the	  cellulose	  fragments.125	  Studies	  on	  the	  alkaline	  degradation	  
of	   monosaccharides	   explain	   how	   calcium	   catalyzes	   benzilic	   acid	   rearrangement	   to	  
promote	   the	   production	   of	   glucoisosaccharinic	   acids,	   whereas	   NaOH	   degrades	  
monosaccharides	  via	  the	  fragmentation	  to	  glycolic	  and	  formic	  acids.136,137	  	  
	   While	  the	  ATT	  of	  cellulose	  is	  not	   identical	  to	  the	  aforementioned	  reactions	  and	  
processes,	   it	   provides	   an	   understanding	   of	   how	   the	   fragmentation	   of	   cellulose	   occurs	  
under	  alkaline	  conditions	  and	  a	  foundation	  for	  the	  discussion	  in	  this	  study.	  
	   In	  addition	  to	  the	  presence	  of	  hydroxide,	  catalysts	  also	  play	  an	  important	  role	  in	  
the	  ATT	  of	  cellulose.	  Studies	  on	  other	  biomass	  conversion	  reactions	  have	  reported	  that	  
various	   catalysts	   can	   be	   used	   to	   enhance	   biomass	   conversion	   to	   fuels	   and	  
chemicals.138,191	   In	   the	   supercritical	   water	   (SCW)	   regime,	   transition	  metals	   such	   as	   Ni	  
and	   Pt	   have	   been	   reported	   to	   accelerate	   steam	   reforming,	   methanation,	   and	   the	  
cleavage	  of	  C-­‐O	  and	  C-­‐C	  bonds.192	  For	  the	  gasification	  of	   lignin	   in	  SCW	  Pt	  and	  Pd	  were	  
found	   to	   be	   more	   active	   than	   Ni.193	   Pt	   has	   also	   been	   used	   for	   the	   aqueous	   phase	  
reforming	  (APR)	  of	  small	  sugar	  alcohols	  and	  oxygenated	  biomass	  derivatives	  to	  H2.194,195	  
Extensive	   literature	   also	   exists	   on	   the	   conversion	   of	   biomass	   to	   H2	   via	   pyrolysis,	  
gasification	  and	  hydrothermal	  gasification,	  in	  the	  presence	  of	  Ni.92,94-­‐97,175	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   Recently,	  significant	  efforts	  have	  been	  focused	  on	  the	  development	  of	  catalysts	  
from	   earth	   abundant	   materials	   (e.g.,	   Fe	   and	   Cu).	   Copper	   has	   been	   shown	   to	   be	   an	  
effective	   stabilizer196	  while	   simultaneously	  promoting	   the	  WGS	   reaction,194,197	   and	   the	  
reforming	   of	   small	   biomass-­‐derived	   compounds	   such	   as	  methanol	   (in	   SCW)198,199	   and	  
glycerol	  (for	  APR).194	  Co	  is	  also	  reported	  to	  be	  effective	  in	  promoting	  the	  WGS200	  as	  well	  
as	  decomposing	  tars.200-­‐202	  	  
	   While	   these	   catalysts	   haven	   been	   effective	   at	   converting	   biomass	   into	   smaller	  
molecules,	   it	   is	   difficult	   to	   predict	   their	   activities	   in	   the	   presence	   of	   large	   amount	   of	  
hydroxides	  since	  in-­‐situ	  carbon	  capture	  via	  mineral	  carbonation	  could	  significantly	  shift	  
the	  overall	  reaction	  equilibrium	  as	  well	  as	  generate	  intermediates	  from	  biomass.	  Thus,	  
in	  this	  study,	  the	  pathway	  of	  H2	  production	  from	  cellulose	  via	  ATT,	  illustrated	  as	  Eq.	  5.1,	  
is	  investigated	  in	  the	  presence	  of	  a	  series	  of	  supported	  metal	  catalysts	  (i.e.,	  Fe,	  Cu,	  Co,	  
Pd,	  Pt	  and	  Ni).	  	  	  
𝐶!𝐻!"𝑂! + 6𝐶𝑎 𝑂𝐻 ! + 𝐻!𝑂 → 12𝐻! + 6𝐶𝑎𝐶𝑂!	   Eq.	  5.1	  
In	  addition,	  in-­‐situ	  and	  ex-­‐situ	  catalytic	  reactions	  (Figure	  4.1)	  are	  performed,	  in	  order	  to	  
investigate	  whether	  solid	  phase	  or	  gas	  phase	  reactions	  dominate	   the	  ATT	  of	  cellulose.	  
The	  conclusions	  of	  this	  study	  bear	  a	  significant	   impact	  on	  whether	  this	  technology	  can	  
be	   scaled	   up,	   since	   catalyst	   recyclability,	   and	   lifetime	   as	   well	   as	   practical	   and	  
environmental	   issue	   of	   placing	   the	   catalyst	   in-­‐situ	   are	   significant	   and	   challenging.	  
Ideally,	  finding	  a	  catalyst	  that	  retains	  its	  activity	  for	  H2	  production	  even	  when	  placed	  ex-­‐
situ	  of	  the	  ATT	  reaction	  would	  be	  the	  most	  optimal	  solution.	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5.2	  Materials	  &	  Methods	  
5.2.1	  Catalyst	  Synthesis	  	  
	   Low-­‐loading	   catalysts	   were	   synthesized	   using	   the	   incipient	   wetness	   technique	  
whereby	  the	  metal	  of	  choice	  (i.e.,	  Fe,	  Cu,	  Co,	  Pd,	  Pt	  and	  Ni)	  was	   impregnated	   into	  the	  
support	  (i.e.,	  α-­‐Al2O3	  and	  ZrO2)	  via	  a	  metal	  salt	  solution.	  The	  amount	  and	  concentration	  
of	  the	  solution	  need	  to	  deposit	  a	  known	  quantity	  of	  metal	  was	  calculated	  by	  the	  water	  
uptake	  capacity	  of	  the	  support	  material.	  High-­‐loading	  catalysts	  on	  the	  other	  hand	  were	  
prepared	  via	   the	  slurry	  method	  as	  described	   in	  previous	  work.43	  The	  properties	  of	   the	  
synthesized	  catalyst	  particles	  are	  summarized	  in	  Table	  5.1.	  	  
	   The	   metal	   wt%	   in	   each	   catalyst	   corresponded	   to	   four	   times	   of	   a	   theoretical	  
monolayer	  coverage	  related	  to	  the	  surface	  area	  of	  the	  support	  and	  the	  size	  of	  the	  metal	  
atom	  except	  in	  a	  few	  select	  cases	  (i.e.,	  10	  wt%	  Ni/α-­‐Al2O3,	  0.48	  wt%	  Ni/ZrO2	  and	  10	  wt%	  
Ni/ZrO2).	  Thus,	  different	  metal	  loadings	  were	  used	  for	  each	  element	  due	  to	  their	  varying	  
atomic	   radii	   and	   molecular	   weight.	   A	   theoretical	   coverage	   of	   four	   mono-­‐layers	   was	  
chosen	  to	  keep	  the	  metal	  loading	  relatively	  low	  when	  compared	  to	  the	  10	  wt%	  used	  in	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Table	  5.1:	  Characterization	  of	  prepared	  supported	  metal	  catalysts	  
Catalyst	  
BET	  Specific	  Surface	  Area	  
(m2/g)	  
Average	  Particle	  Size	  
(μm)	  
α-­‐Al2O3	   1.4	   95.1	  
ZrO2	   87.6	   226.8	  
0.48%	  Ni/α-­‐Al2O3	   1.7	   66.8	  
10%	  Ni/α-­‐Al2O3	   0.5	   177.9	  
0.48%	  Ni/ZrO2	   78.5	   97.2	  
10%	  Ni/ZrO2	   71.0	   139.9	  
0.55%	  Cu/α-­‐Al2O3	   1.7	   55.5	  
0.42%	  Fe/α-­‐Al2O3	   1.6	   56.8	  
0.46%	  Co/α-­‐Al2O3	   2.0	   52.7	  
1.12%	  Pt/α-­‐Al2O3	   1.6	   47.8	  
0.68%	  Pd/α-­‐Al2O3	   1.1	   70.7	  
	  	  
	   The	   impregnated	   supports	   were	   then	   dried	   at	   363	   K	   overnight	   followed	   by	  
calcination	  in	  air	  while	  heating	  at	  a	  rate	  of	  0.4	  K/min	  to	  563	  K,	  followed	  by	  an	  isothermal	  
treatment	  of	  2	  hours.	  The	  supported	  catalysts	  were	  then	  reduced	  in	  pure	  H2	  at	  773	  K	  for	  
one	  hour,	  followed	  by	  a	  passivation	  step	  at	  293	  K.	  Passivation	  was	  performed	  by	  flowing	  
1%	  O2	  +	  99%	  N2	  over	  the	  catalyst	  to	  oxidize	  the	  surface	  defect	  sites,	  in	  order	  to	  protect	  
the	   metal	   from	   bulk	   oxidation	   when	   exposed	   to	   the	   ambient	   air.	   Inclusion	   in	   this	  
passivation	   step	   resulted	   in	   increased	   conversion	   for	   all	   the	   catalysts,	  with	   the	   nickel	  
based	  ZrO2	  catalyst	  showing	  higher	  conversion	  than	  in	  previously	  published	  work.43	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5.2.2	  Sample	  Preparation	  
	   Reaction	   samples	   were	   prepared	   by	   combining	   Ca(OH)2	   powder	   (Acros)	   with	  
cellulose	   powder	   (Acros,	   micro-­‐crystalline	   50	   μm	   particle	   size)	   at	   a	   6:1	   molar	   ratio	  
according	   to	   the	   stoichiometry	   given	   in	   Eq.	   5.1.	   Catalyst	   was	   then	   added	   (except	   in	  
baseline	  measurements)	   in	  order	   to	  create	  an	  overall	  mixture	  of	  which	  20	  wt%	  of	   the	  
sample	  was	  catalyst.	  A	  small	  amount	  of	  water	  was	  added	  to	  the	  mixed	  powder	  sample	  
in	   order	   to	   further	   promote	   mixing	   and	   create	   a	   sample	   paste.	   The	   paste	   was	   then	  
shaped	  into	  a	  pellet	  and	  housed	  between	  two	  pieces	  of	  quartz	  wool	  inside	  a	  1.05	  cm	  I.D.	  
quartz	  tube,	  which	  acted	  as	  the	  reactor.	  Previous	  experiments	  have	  shown	  that	  quartz	  
was	   inert	   during	   the	   ATT	   reactions.43	   The	   quartz	   tube	   was	   then	   placed	   inside	   the	  
furnace,	  which	  was	  housed	  in	  an	  outer	  hotbox	  in	  order	  to	  keep	  all	  of	  the	  reactor	   lines	  
heated.	  
5.2.3	  In-­‐Situ	  and	  Ex-­‐Situ	  Catalytic	  Reactions	  
	   Two	  reaction	  schemes	  were	  developed	  whereby	  the	  placement	  of	  the	  prepared	  
catalyst	  was	  altered	  in	  order	  to	  elucidate	  the	  pathways	  of	  H2	  production	  from	  the	  ATT	  of	  
cellulose	   (Figure	   5.1).	   Cellulose	   and	   Ca(OH)2	   mixtures	   were	   always	   placed	   in	   Zone	   1,	  
whereas	  the	  catalyst	  could	  be	  placed	  in	  both	  Zone	  1	  or	  2.	   If	  the	  catalyst	  was	  placed	  in	  
Zone	  1	  (denoted	  as	  the	  “in-­‐situ”	  case),	  intimate	  contact	  between	  the	  reactants	  and	  the	  
catalyst	   particles	   was	   achieved,	   therefore	   allowing	   solid-­‐solid	   as	   well	   as	   gas	   phase	  
catalytic	   reactions	   to	   take	   place.	   On	   the	   other	   hand,	   placing	   the	   catalyst	   in	   Zone	   2	  
(denoted	   as	   the	   “ex-­‐situ”	   case)	   prevented	   any	   direct	   solid-­‐solid	   contact	   between	   the	  
catalyst	   and	   the	   cellulose	   and	   Ca(OH)2	  mixture.	   Thus,	   any	   catalytic	   effect	  would	   arise	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only	  from	  the	  interactions	  between	  the	  catalyst	  and	  the	  gaseous	  compounds	  produced	  
upstream	  via	  the	  ATT	  of	  cellulose	  and	  Ca(OH)2.	  
	  
	  
Figure	  5.1:	  Experimental	  setup	  illustrating	  catalyst	  placement	  (in-­‐situ	  vs.	  ex-­‐situ)	  and	  
sample	  collection	  points	  
	   87	  
5.2.4	  Reaction	  Conditions	  
	   Initially,	  N2	  flowed	  at	  a	  rate	  of	  20	  mL/min	  to	  purge	  the	  reactor	  of	  O2.	  The	  purge	  
was	  deemed	  complete	  once	  the	  micro-­‐GC	  could	  not	  longer	  detect	  any	  O2	  in	  the	  exiting	  
gas.	  The	  reaction	  was	  then	  initiated	  by	  heating	  the	  furnace	  and	  the	  outer	  hotbox	  to	  373	  
K	  at	  a	  rate	  of	  4	  K/min	  and	  holding	  isothermally	  for	  a	  period	  of	  20	  minutes.	  This	  allowed	  
the	   sample	   to	  dry	  prior	   to	   the	   reaction.	  After	   the	  20-­‐minute	   isothermal	  period,	   liquid	  
water	  was	  injected	  into	  the	  hotbox	  at	  a	  flow-­‐rate	  of	  0.007	  mL/min	  to	  create	  steam	  for	  
the	  ATT	  reaction.	  The	  reactor	  was	  then	  heated	  to	  773	  K	  at	  a	  rate	  of	  4	  K/min.	  After	  the	  
temperature	  ramping	  phase,	  the	  reactor	  was	  kept	  at	  isothermal	  conditions	  for	  3	  hours,	  
while	  collecting	  the	  gas	  and	  liquid	  samples.	  Light	  gases	  were	  analysed	  in	  quasi	  real-­‐time,	  
while	  solid	  and	  liquid	  samples	  were	  extracted	  from	  the	  quartz	  tube	  and	  the	  condenser	  
respectively,	  for	  analyses	  after	  cooling	  the	  entire	  system.	  
5.2.5	  Analyses	  of	  Gas	  and	  Solid	  Samples	  
	   As	  shown	  in	  Figure	  5.1,	  there	  were	  three	  sampling	  points	  for	  gas,	  liquid	  and	  solid	  
samples.	  Light	  gases	  such	  as	  H2,	  CO,	  CO2,	  CH4,	  C2H6,	  and	  C2H4	  were	  quantified	  using	  an	  
Inficon	  micro-­‐GC	  3000	  with	  a	   sampling	   time	  approximately	  2.5	  minutes.	  The	   sampling	  
time	  was	  fast	  enough	  to	  generate	  kinetic	  curves	  for	  the	  formation	  of	  the	  light	  gaseous	  
species	  including	  H2.	  The	  light	  gases	  were	  also	  collected	  in	  a	  tedlar	  gasbag	  downstream	  
of	  the	  micro-­‐GC	  for	  the	  final	  analysis	  to	  determine	  the	  overall	  conversion	  to	  H2	  based	  on	  
the	  reaction	  stoichiometry	  given	  in	  Eq.	  4.1.	  All	  the	  experimental	  results	  were	  normalized	  
to	  the	  moles	  of	  cellulose	  used	  in	  order	  to	  enable	  accurate	  comparisons.	  
	   88	  
	   Solid	   samples	   were	   collected	   post-­‐reaction	   and	   analysed	   using	   a	   UIC	   Total	  
Carbon	  (TC)	  analyser,	  which	  oxidized	  the	  samples	  in	  a	  pure	  O2	  atmosphere	  at	  1173	  K	  to	  
liberate	  all	  of	   the	  carbon	   in	   the	  sample	  as	  CO2.	  The	  amount	  of	  CO2	  released	  was	  then	  
correlated	   to	   the	   total	   carbon	   content	   of	   the	   sample.	   Total	   Inorganic	   Carbon	   (TIC)	  
analysis	   (acid	   digestion)	   was	   also	   used	   to	   quantify	   the	   amount	   of	   inorganic	   carbon	  
(CaCO3)	  via	  in-­‐situ	  CO2	  capture.	  
	  
5.3	  Results	  and	  Discussion	  
5.3.1	  Effects	  of	  Various	  Metal	  Catalysts	  on	  Gas	  Yields	  during	  Cellulose	  Pyrolysis	  
	   In	  order	  to	  compare	  the	  conventional	  pyrolysis	  of	  cellulose	  to	  the	  proposed	  ATT	  
scheme,	   a	   series	   of	   experiments	   were	   performed	   using	   mixtures	   of	   the	   prepared	  
catalysts	  and	  cellulose	  without	  any	  Ca(OH)2.	  Figure	  5.2	   illustrates	  that	  at	  relatively	   low	  
metal	   loadings	   (<<	   10	   wt%),	   Pt,	   Pd	   and	   Ni	   catalysts	   slightly	   increase	   the	   yield	   of	   H2,	  
although	  the	  overall	  extents	  of	  H2	  production	  are	  not	  significant,	  in	  comparison	  to	  non-­‐
catalytic	   pyrolysis.	   Furthermore,	   there	   is	   no	   observable	   trend	   on	   CO,	   CO2	   and	   CH4	  
production,	  suggesting	  that	  for	  the	  purposes	  of	  this	  study,	  any	  effect	  of	  the	  investigated	  
catalysts	  on	  cellulose	  pyrolysis	  is	  not	  significant.	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Figure	  5.2:	  Effect	  of	  various	  low-­‐loading	  metal	  catalysts	  supported	  on	  α-­‐Al2O3	  on	  the	  
yields	  of	  H2,	  CO,	  CO2	  and	  CH4	  during	  cellulose	  pyrolysis	  
	  
5.3.2	  Effects	  of	  Various	  Metal	  Catalysts	  on	  the	  H2	  Formation	  from	  Cellulose	  and	  
Ca(OH)2	  Mixture	  via	  ATT	  
	   A	  series	  of	  experiments	  was	  designed	  to	  compare	  the	  catalytic	  effects	  of	  various	  
metals	  on	  the	  ATT	  of	  cellulose	  in	  terms	  of	  both	  gas-­‐phase	  and	  solid-­‐phase	  reactions.	  As	  
discussed	  in	  section	  5.2.3	  placing	  the	  catalyst	  in-­‐situ	  would	  provide	  information	  on	  the	  
amount	   of	   H2	   generated	   from	   solid-­‐phase	   and	   gas-­‐phase	   reactions,	   whereas	   ex-­‐situ	  
placement	   of	   the	   catalyst	   would	   show	   how	   much	   H2	   was	   formed	   from	   gas-­‐phase	  
reactions.	  Here,	  metal	   catalysts	  were	  placed	   in	   in-­‐situ	   and	  ex-­‐situ	  of	   the	  ATT	   reaction	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between	  cellulose	  and	  Ca(OH)2.	  As	  shown	  in	  Figure	  5.3,	  there	  are	  significant	  differences	  
between	   the	   H2	   produced	   through	   the	   in-­‐situ	   and	   ex-­‐situ	   placement	   of	   the	   catalysts,	  
particularly	  for	  Ni.	  
	   As	  a	  baseline	  measurement,	  the	  ATT	  of	  cellulose	  was	  performed	  in	  the	  absence	  
of	  catalyst	  and	  only	  with	  the	  catalyst	  support	  material	  (i.e.,	  ATT	  with	  α-­‐Al2O3).	  These	  two	  
cases	   are	   compared	   with	   the	   cellulose	   pyrolysis	   data	   from	   Figure	   5.2.	   In	   both	   cases,	  
notable	   amounts	   of	   H2	   formations	   are	   observed,	   indicating	   that	   the	   presence	   of	  
hydroxide	  (i.e.,	  Ca(OH)2)	  is	  critical	  to	  produce	  H2	  from	  cellulose.	  The	  presence	  of	  α-­‐Al2O3	  
slightly	   increases	   the	  yield	  of	  H2	   from	  ATT	  of	   cellulose,	  but	   the	  difference	   is	   relatively	  
minor.	  
	   Comparing	   the	   in-­‐situ	   cases	   with	   the	   baseline	   data	   associated	   with	   the	   non-­‐
catalytic	  ATT	  of	   cellulose,	  metals	   such	  as	   Fe	  and	  Cu	   show	  minimal	   activity.	   The	  minor	  
enhancements	  in	  the	  in-­‐situ	  H2	  production	  from	  4.3%	  to	  5.0%	  are	  small	  in	  comparison	  to	  
the	  baselines,	  thus	  Fe	  and	  Cu	  are	  eliminated	  from	  the	  subsequent	  studies.	  	  
	   The	  next	  set	  of	  metals,	  Co,	  Pt	  and	  Pd,	  show	  interesting	  effects	  on	  H2	  formation,	  
with	  Pd	  and	  Pt	   leading	  to	   improved	   in-­‐situ	  H2	   formation	   (8.6%	  and	  8.4%	  respectively).	  
On	  the	  other	  hand,	  when	  placed	  downstream	  of	  the	  reactants	  (cellulose	  and	  Ca(OH)2),	  
the	   H2	   yields	   remain	   similar	   to	   that	   of	   non-­‐catalytic	   ATT	   of	   cellulose.	   These	   findings	  
suggest	  that	  the	  mechanisms	  of	  H2	  formation	  in	  the	  presence	  of	  low-­‐loading	  Co,	  Pd	  and	  
Pt	   catalysts	   are	   dominated	   by	   solid-­‐phase	   catalysis	   therefore	   indicating	   that	   the	  
placement	  of	  catalysts	  plays	  an	  important	  role	  in	  the	  ATT	  of	  cellulose.	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   Comparing	   all	   the	   cases	   investigated,	   Ni	   is	   the	   most	   effective	   catalyst	   for	  
cellulose	   ATT	   with	   the	   highest	   in-­‐situ	   conversion	   to	   H2:	   12.0%.	   When	   the	   same	   Ni	  
catalyst	  was	  tested	  in	  the	  pyrolysis	  reaction	  (Figure	  5.2),	  the	  conversion	  to	  H2	  was	  only	  
0.7%,	  therefore	  indicating	  that	  the	  presence	  of	  Ca(OH)2	  is	  necessary	  in	  order	  for	  the	  Ni	  
catalyst	  to	  produce	  H2.	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Figure	  5.3:	  Effects	  of	  various	  low-­‐loading	  metal	  catalysts	  supported	  on	  α-­‐Al2O3	  on	  the	  yields	  
of	  H2,	  CO,	  CO2	  and	  CH4	  from	  the	  reaction	  of	  cellulose	  +	  Ca(OH)2	  while	  altering	  the	  location	  of	  
catalyst	  placement	  
	   The	  most	   interesting	   finding	   is	   the	  comparison	  between	   the	   in-­‐situ	  and	  ex-­‐situ	  
cases	   for	   the	   ATT	   of	   cellulose	   in	   the	   presence	   of	   the	   Ni-­‐based	   catalyst.	   Unlike	   other	  
catalytic	   cases,	   Ni	   catalyst	   shows	   an	   enhancement	   in	   H2	   production	   in	   both	   reaction	  
schemes,	  yet	  the	  overall	  conversion	  to	  H2	  is	  still	  less	  in	  the	  ex-­‐situ	  case	  than	  the	  in-­‐situ	  
case	  (7.6%	  versus	  12.0%,	  respectively).	  Ex-­‐situ	  placement	  of	  Ni-­‐based	  catalyst	  separates	  
the	   reactants	   (cellulose	   and	   Ca(OH)2)	   from	   the	   catalyst,	   therefore	   the	   difference	   in	  
conversion	  between	  the	  non-­‐catalytic	  case	  and	  the	  ex-­‐situ	  Ni	  case	  shown	  in	  Figure	  5.3	  
(a)	  can	  be	  attributed	  to	  the	  conversion	  of	  gaseous	  intermediates/by-­‐products	  generated	  
via	  the	  non-­‐catalytic	  ATT	  reaction.	  This	  suggests	  that	  although	  the	  intermediates	  formed	  
during	  cellulose	  ATT	  are	  not	  fully	   identified	  at	  this	  time,	  the	  Ni	  catalyst	  promotes	  both	  
solid	  phase	  and	  gas	  phase	   reactions	  associated	  with	   cellulose	  and	  Ca(OH)2.	   Therefore,	  
amongst	   the	   tested	  metals,	   the	  Ni-­‐based	  catalyst	   is	   the	  best	   candidate	   for	   the	  ATT	  of	  
biomass	  and	  allows	  for	  greater	  flexibility	  when	  optimizing	  future	  reactor	  designs.	  
	   The	  novelty	  of	   the	  ATT	  of	  biomass	   is	   its	   ability	   to	  produce	  H2	  with	   suppressed	  
CO2	   formation	  by	   locking	   the	  carbon	   into	  a	   stable	   carbonate	   form.	  Hence,	   in	  order	   to	  
further	   investigate	   the	   reaction	   pathways	   of	   cellulose	   ATT,	   it	   is	   important	   to	   analyze	  
other	  gaseous	  products	  (e.g.,	  CO,	  CO2,	  and	  CH4).	  As	  shown	  in	  Figure	  5.3	  (b),	  no	  general	  
trends	   for	   CO,	   CO2	   and	   CH4	   formations	   seem	   to	   be	   apparent	   for	   all	   ATT	   cases,	  
particularly	   for	   in-­‐situ	   cases.	   However,	   when	   the	   catalysts	   (Co,	   Pd,	   Pt	   and	   Ni)	   were	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placed	  downstream	  of	  the	  ATT	  reaction	  (ex-­‐situ	  case),	  the	  amount	  of	  CO2	  in	  the	  gaseous	  
product	   notably	   increases	   while	   the	   in-­‐situ	   cases	   show	   no	   noticeable	   increase	   in	   the	  
amount	  of	  CO2	  when	  comparing	   to	   the	  non-­‐catalytic	  ATT	   level;	   this	   suggests	   that	  CO2	  
and	  H2	  formations	  are	  related.	  Furthermore	  Ca(OH)2	  is	  acting	  as	  an	  in-­‐situ	  CO2	  sorbent	  
as	  well	   as	  a	   reactant	   that	  promotes	  H2	  production.	   Specifically,	   in-­‐situ	  CO2	   capture	  by	  
Ca(OH)2	  	  is	  demonstrated	  by	  the	  low	  CO2	  concentration	  observed	  in	  the	  in-­‐situ	  reaction	  
with	  Ni.	  Even	  at	  the	  highest	  H2	  formation,	  the	  level	  of	  CO2	  concentration	  is	  maintained	  
similar	  to	  that	  of	  the	  non-­‐catalytic	  ATT	  reaction	  illustrating	  a	  promising	  BECCS	  potential.	  
This	  dual	  effect	  of	  Ca(OH)2	  is	  expected	  as	  it	  has	  been	  shown	  that	  the	  addition	  of	  either	  
CaO	  or	  Ca(OH)2	  in	  gasification	  reactions	  can	  promote	  the	  yield	  of	  H2	  from	  biomass.	  This	  
is	   due	   to	   the	   cracking	   of	   larger	   compounds,	   however	   the	   precise	   mechanism	   is	   not	  
detailed.	  115,140,203,204	  
	   Since	  Ni	  shows	  a	  greater	  effect	  over	  other	  metals	  studied	  and	   is	   less	  expensive	  
than	   metals	   such	   as	   Pt	   and	   Pd	   (according	   to	   the	   latest	   S&P	   indices),	   subsequent	  
experiments	   focused	   on	   understanding	   the	   ATT	   reaction	   pathways	   of	   H2	   production	  
over	  various	  Ni-­‐based	  catalysts.	  
5.3.3	  Effect	  of	  Ni	  Loading	  on	  the	  ATT	  of	  Cellulose	  
	   To	  further	   investigate	  the	  complex	  reaction	  pathways	  of	  the	  ATT	  of	  cellulose	  in	  
both	   gas	   and	   solid	   phases,	   catalysts	   with	   two	   different	   Ni-­‐loadings	   (4.8	   and	   10	   wt%)	  
were	  prepared	  and	  their	  gaseous	  formation	  behaviors	  was	  studied.	  Figures	  5.4	  and	  5.5	  
show	  the	  formation	  rates	  of	  the	  main	  gases	  of	   interest	  (i.e.,	  H2,	  CO,	  CO2	  and	  CH4)	  as	  a	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function	  of	  temperature	  when	  cellulose	  was	  reacted	  with	  Ca(OH)2	  with	  and	  without	  the	  
Ni/α-­‐Al2O3	  catalyst.	  	  
	   The	  first	  interesting	  observation	  is	  that	  the	  placement	  of	  the	  catalyst	  (i.e.,	  in-­‐situ	  
or	  ex-­‐situ)	  does	  not	  cause	  a	  shift	  in	  the	  peak	  formation	  temperatures	  for	  H2	  occurring	  at	  
~640	   K	   and	   ~770	   K	   (Figure	   5.4).	   This	   suggests	   that	   the	   primary	   pathways	   of	   H2	  
production	   in	   the	   presence	   of	   Ni/α-­‐Al2O3	   catalyst	   does	   not	   change	   by	   placing	   the	  
catalyst	   in	   contact	  with	   the	   biomass/hydroxide	   solid	  mixture	   or	   downstream	   only	   for	  
subsequent	  gas	  reforming.	  The	  first	  H2	  generation	  curves	  are	  similar	  for	  all	  three	  cases	  
(i.e.,	  non-­‐catalytic	  ATT,	  in-­‐situ	  catalytic	  ATT	  and	  ex-­‐situ	  catalytic	  ATT)	  illustrating	  that	  Ni-­‐
based	  catalyst	   is	  not	  effective	  at	  enhancing	  the	  first	   reaction	  pathway	  of	  H2	   formation	  
via	  cellulose	  ATT.	  The	  majority	  of	  the	  enhancement	  in	  H2	  formation	  occurs	  at	  elevated	  
temperatures	   (>700	  K).	   This	   is	   expected	   since	  Ni	   is	   known	   to	  enhance	   the	   cracking	  of	  
higher	   molecular	   weight	   hydrocarbons	   and	   oxygenates	   at	   elevated	   temperatures	   in	  
order	   to	   produce	   H2.184,205-­‐207	   The	   difference	   between	   formation	   curves	   of	   the	   in-­‐situ	  
and	  ex-­‐situ	  cases	  shown	  in	  Figure	  5.4	  (a),	  suggests	  that	  Ni-­‐based	  catalyst	   is	   involved	  in	  
both	   the	  breakdown	  of	   cellulose,	   and	   the	   conversion	  of	   the	  gaseous	   intermediates	   to	  
H2.	   Based	  on	  Figures	  5.4	  (b)	  and	  (d),	  H2	  production	  mechanisms	  such	  as	  the	  water-­‐
gas	  shift	  (WGS)	  reaction	  and	  steam	  methane	  reforming	  (SMR)	  may	  be	  ruled	  out	  since	  CO	  
and	   CH4	   concentrations	   in	   the	   gaseous	   product	   stream	   do	   not	   change	   significantly	  
between	  all	  three	  cases.	  The	  major	  difference	  is	  the	  increased	  CO2	  formation	  at	  higher	  
reaction	   temperatures	   when	   the	   Ni	   catalyst	   is	   placed	   ex-­‐situ.	   In	   other	   words,	   the	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formation	   of	   H2	   over	   the	   Ni	   catalyst	   via	   gas	   reforming	   results	   in	   CO2	   as	   by-­‐product,	  
which	  cannot	  be	  captured	  since	  it	  generated	  downstream	  of	  Ca(OH)2.	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Figure	  5.4:	  Formation	  Rates	  of	  H2,	  CO,	  CO2,	  and	  CH4	  from	  ATT	  of	  cellulose	  in	  the	  
presence	  of	  0.48	  wt%	  Ni/α-­‐Al2O3	  placed	  to	  promote	  gas	  and/or	  solid	  phase	  reactions	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   The	  ATT	  of	   cellulose	   in	   the	  presence	  of	   0.48	  wt%	  Ni/α-­‐Al2O3	   catalyst	   shown	   in	  
Figure	   5.4	   has	   provided	   important	   insights	   into	   how	   this	   complex	   and	   yet	   unique	  
biomass	   conversion	   to	   H2	   occurs.	   However,	   the	   overall	   cellulose	   conversion	   to	   H2	   is	  
limited	  to	  only	  12.0%.	  Consequently,	  a	  higher	  loading	  Ni/α-­‐Al2O3	  catalyst	  (10	  wt%)	  was	  
tested	  in	  order	  to	  determine	  whether	  the	  reaction	  was	  limited	  by	  low	  metal	  content.	  	  
	   As	  shown	   in	  Figure	  5.5,	   the	  formation	  of	  H2	   increases,	  with	  an	  overall	  cellulose	  
conversion	  to	  H2	  is	  to	  16.6%	  and	  13.3%	  for	  in-­‐situ	  and	  ex-­‐situ	  cases,	  respectively.	  When	  
comparing	   the	  10	  wt%	  Ni/α-­‐Al2O3	   (Figure	  5.5)	   to	   the	  0.48	  wt%	  Ni/α-­‐Al2O3	   (Figure	  5.4)	  
catalyst,	   the	   peak	   H2	   formation	   temperatures	   and	   trends	   are	   quite	   similar;	   H2	   is	  
produced	   in	   conjunction	   with	   CO2,	   and	   there	   is	   little	   evidence	   of	   the	  WGS	   and	   SMR	  
reactions.	   Furthermore,	   although	   there	   is	   a	   slight	   enhancement	   observed	   in	   the	   first	  
peak	  at	  640	  K	  in	  the	  case	  of	  10	  wt%	  Ni/α-­‐Al2O3,	  the	  majority	  of	  the	  H2	  is	  still	  produced	  at	  
elevated	  temperatures:	  >700	  K.	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Figure	  5.5:	  Formation	  Rates	  of	  H2,	  CO,	  CO2,	  and	  CH4	  from	  ATT	  of	  cellulose	  in	  the	  
presence	  of	  Ni/α-­‐Al2O3	  with	  increased	  Ni-­‐loading	  (10	  wt%)	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   The	   H2	   formation	   curves	   alone	   are	   not	   enough	   to	   explain	   how	   the	   ATT	   of	  
cellulose	   produces	   H2.	   However,	   the	   strong	   correlation	   between	   H2	   and	   CO2	  
concentrations	   in	   the	   gaseous	  product	   stream	   (illustrated	   in	   Figures	   5.5	   (a)	   and	   (c)	   as	  
well	   as	   Figure	   5.4)	   suggests	   that	   H2	   formation	   may	   not	   be	   dominated	   by	   solid-­‐solid	  
catalysis	  but	  rather	  by	  the	  gaseous	  reforming	  of	  hydrocarbons.	  Thus,	  the	  placement	  of	  
the	  Ni-­‐based	  catalysts	   is	   important	   for	   the	  enhanced	  H2	  production	  via	  ATT,	  while	   the	  
proximity	  of	  hydroxide	  to	  the	  catalyst	  determines	  the	  extent	  of	  carbon	  capture	  during	  
the	  biomass	  conversion.	  
5.3.4	  Effect	  of	  Surface	  Area	  of	  Catalyst	  Support	  on	  the	  ATT	  of	  Cellulose	  
	   Originally,	  it	  was	  hypothesized	  that	  the	  ATT	  of	  biomass	  was	  likely	  dominated	  by	  
solid-­‐solid	  interactions	  between	  the	  cellulose,	  Ca(OH)2	  and	  10%	  Ni/ZrO2	  particles.	  Under	  
this	  assumption,	  mass	  transfer	  limitations	  are	  significant	  and	  a	  high	  surface	  area	  catalyst	  
would	   be	   largely	   ineffective	   at	   promoting	   reactions	   that	   are	   dependent	   on	   the	  
interfacial	   area	   between	   the	   particles.	   However,	   the	   findings	   from	   in-­‐situ	   and	   ex-­‐situ	  
studies	   highlighted	   the	   importance	   of	   the	   gas	   phase	   catalysis	   for	   H2	   production;	  
therefore,	  a	  higher	  surface	  area	  support	  (i.e.,	  ZrO2)	  was	  selected	  to	  further	   investigate	  
the	  ATT	  of	  cellulose.	  
	   Four	  sets	  of	  Ni-­‐based	  catalysts	  were	  prepared	  using	  low	  surface	  area	  α-­‐Al2O3	  (1.4	  
m2/g)	  and	  high	   surface	  area	  ZrO2	   (87.6	  m2/g)	   for	  ZrO2)	  with	  different	  Ni	   loadings	   (i.e.,	  
0.48	  wt%	  and	  10	  wt%).	  	  As	  shown	  in	  Figure	  5.6,	  ZrO2-­‐supported	  catalysts	  show	  greater	  
activities	  in	  promoting	  H2	  production	  compared	  to	  those	  prepared	  with	  α-­‐Al2O3.	  	  Even	  at	  
low	  loadings,	  impregnating	  0.48	  wt%	  Ni	  on	  ZrO2	  instead	  of	  α-­‐Al2O3	  shows	  an	  increase	  in	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the	  cellulose	  conversion	  to	  H2	  from	  12.0%	  to	  16.6%	  and	  from	  7.6%	  to	  13.3%	  for	  in-­‐situ	  
and	  ex-­‐situ	  cases,	  respectively.	  	  
	   The	  difference	  between	  the	  supports	  is	  more	  evident	  at	  high	  Ni	  loadings.	  10	  wt%	  
Ni/α-­‐Al2O3	  results	  in	  an	  in-­‐situ	  conversion	  of	  16.6%,	  however,	  the	  same	  metal	  loading	  on	  
ZrO2	  results	   in	  a	  conversion	  of	  49.0%.	  Similar	  to	  the	  results	  shown	  in	  Figure	  5.3,	  when	  
the	   catalyst	   is	   placed	   downstream	   of	   the	   ATT	   reaction,	   a	   higher	   H2	   formation	   is	  
associated	   with	   increased	   CO2	   concentration	   in	   the	   outlet	   gas	   stream	   due	   to	   the	  
absence	  of	  CO2	  absorbing	  Ca(OH)2.	   The	   formation	   trends	  of	  other	  gases	   (CO	  and	  CH4)	  
are	  not	  significantly	  altered	  as	  different	  catalyst	  supports	  are	  employed.	  	  
	   Figure	  5.6	  illustrates	  that	  both	  the	  type	  of	  catalyst	  support	  and	  the	  amount	  of	  Ni	  
loading	   are	   important	   for	   enhanced	   H2	   formation.	   To	   further	   explain	   the	   difference	  
between	   the	  activities	  of	  Ni	  on	  ZrO2	  and	  α-­‐Al2O3,	  CO	  chemisorption	  and	  BET	  analyses	  
were	  performed.	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Figure	  5.6:	  Ni-­‐based	  H2,	  yields	  from	  the	  reaction	  of	  cellulose	  +	  Ca(OH)2	  in	  the	  presence	  
of	  Ni-­‐based	  catalyst	  supported	  on	  two	  separate	  supports	  with	  different	  surface	  areas:	  α-­‐
Al2O3	  and	  ZrO2	  
	   	  
Table	  5.2:	  Amount	  of	  Exposed	  Metal	  on	  Ni-­‐based	  catalysts	  prepared	  using	  α-­‐Al2O3	  and	  
high	  surface	  area	  ZrO2	  and	  their	  performances	  in	  H2	  production	  via	  ATT	  of	  cellulose	  
Catalyst	  
In-­‐Situ	  	  
Conversion	  to	  H2	  (%)	  
CO	  Chemisorption	  
(μmol/g)	  
0.48	  wt%	  Ni/α-­‐Al2O3	   12.0	   1.45	  
10	  wt%	  Ni/α-­‐Al2O3	   16.6	   14.34	  
0.48	  wt%	  Ni/ZrO2	   17.2	   1.56	  
10	  wt%	  Ni/ZrO2	   49.0	   67.31	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The	   data	   in	   Table	   5.2	   shows	   that	   an	   increase	   in	   amount	   of	   exposed	  metal	   does	   not	  
necessarily	  correlate	  linearly	  with	  an	  increase	  in	  the	  conversion	  to	  H2.	  In	  both	  the	  case	  
of	  Ni	   supported	   on	   α-­‐Al2O3	   and	   ZrO2,	   despite	   an	   increase	   in	   the	   amounts	   of	   exposed	  
metal	  by	  factors	  of	  2.6	  and	  4.6	  respectively,	  the	  conversion	  to	  H2	  does	  not	  increase	  by	  
these	   factors.	   This	   suggests	   that	   both	   α-­‐Al2O3	   and	   ZrO2-­‐based	   Ni	   catalysts	   are	   not	  
kinetically	   limited	   but	   rather	  may	   be	   limited	   by	  mass	   transfer	   limitations	   through	   the	  
catalyst	  pores.	  The	  pore	  size	  distributions	  of	   the	  catalysts	  are	  shown	   in	  Figure	  5.7	  and	  
indicates	  that	  ZrO2	  is	  far	  more	  mesoporous	  than	  α-­‐Al2O3,	  consequently	  the	  diffusion	  of	  
gases	  through	  the	  pores	   in	  ZrO2	  should	  be	  quicker	  than	   in	  α-­‐Al2O3,	   leading	  to	  a	  higher	  
catalytic	  conversion	  of	  gaseous	  intermediates	  to	  H2.	  
	  
	  
Figure	  5.7:	  Differential	  pore	  volume	  distribution	  of	  the	  fresh	  10%	  Ni-­‐based	  catalysts	  
supported	  on	  ZrO2	  and	  α-­‐Al2O3	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5.3.5	  Proposed	  Reaction	  Pathways	  of	  H2	  Formation	  via	  the	  ATT	  of	  Cellulose	  
	   The	   findings	   from	   the	   in-­‐situ	   and	   ex-­‐situ	   experiments	   can	   now	   be	   used	   to	  
elucidate	   the	   potential	   H2	   production	   pathways	   during	   the	   ATT	   of	   cellulose.	   H2	  
production	   in	   the	   in-­‐situ	   cases	   are	   attributed	   to	   both	   solid	   phase	   and	   gas	   phase	  
reactions	   but	   can	   be	   broken	  down	   into	   its	   separate	   components	   by	   using	   ex-­‐situ	   and	  
baseline	  data.	  Figure	  5.8	  shows	  how	  H2	  is	  produced	  according	  to	  its	  reaction	  phase.	  At	  
low	   Ni	   loadings	   the	   relative	   amount	   of	   H2	   produced	   due	   to	   solid-­‐solid	   catalysis	   in	  
comparison	  to	  the	  total	  is	  larger	  since	  the	  gas	  phase	  reactions	  are	  limited	  due	  to	  a	  lower	  
amount	  of	  exposed	  metal	  available	  (as	  listed	  in	  Table	  5.2).	  However,	  as	  the	  Ni	  loading	  is	  
increased,	  gas	  phase	  H2	  reforming	  becomes	  far	  more	  dominant	  as	  shown	  in	  the	  case	  of	  
10	  wt%	  Ni/ZrO2.	   In	  both	  the	  case	  of	  ZrO2	  and	  α-­‐Al2O3,	  despite	  an	  approximate	  20-­‐fold	  
increase	  in	  Ni	  content	  (from	  0.48	  wt%	  to	  10	  wt%)	  and	  an	  increase	  in	  exposed	  metal,	  the	  
H2	   produced	   via	   solid	   catalysis	   does	   not	   change	   in	   tandem.	   This	   indicates	   that	   the	  
primary	  mechanism	  of	  H2	  production	   is	   through	  gaseous	  reforming	  when	  Ni	   loading	   is	  
sufficiently	  high	  (i.e.,	  large	  amount	  of	  exposed	  metal).	  However,	  considering	  the	  greater	  
overall	   H2	   production	   observed	   in	   in-­‐situ	   cases	   compared	   to	   ex-­‐situ	   cases	   (shown	   in	  
Figure	  5.3),	  it	  should	  also	  be	  noted	  that	  solid	  phase	  catalysis	  still	  plays	  an	  important	  role	  
in	  producing	  gaseous	  intermediates	  that	  are	  being	  reformed	  to	  H2.	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Figure	  5.8:	  Comparison	  of	  Ni-­‐based	  catalysts	  prepared	  with	  different	  Ni-­‐loadings	  and	  
support	  materials	  in	  terms	  of	  their	  mechanisms	  of	  H2	  production	  from	  the	  ATT	  of	  
cellulose	  with	  Ca(OH)2	  
	  
5.3.6	  BECCS	  Potential	  of	  the	  ATT	  of	  Cellulose	  
	   In	  order	  to	  evaluate	  the	  BECCS	  potential	  of	  the	  novel	  ATT	  reaction	  of	  biomass,	  it	  
is	   important	   to	   investigate	   the	  distribution	  of	   carbon	   throughout	   the	  product	   streams	  
(both	  solid	  and	  gaseous	  streams)	  in	  addition	  to	  the	  H2	  formation	  behaviour.	  Figure	  5.9	  
shows	  the	  fate	  of	  carbon	  in	  the	  solid	  residues	  and	  gaseous	  by-­‐products	  from	  cellulose	  in	  
the	  presence	  of	  various	  catalysts.	  	  
	   105	  
	   Figure	  5.9	  (a)	  shows	  that	  the	  solid	  residue	  is	  found	  to	  contain	  both	  inorganic	  and	  
organic	  carbon,	  with	  the	  in-­‐situ	  reactions	  having	  similar	  levels	  of	  organic	  carbon	  to	  the	  
baseline,	  thus	  indicating	  that	  the	  catalysts	  may	  only	  have	  a	  minor	  effect	  on	  the	  extent	  of	  
cellulose	  degradation.	  Conversely,	  inorganic	  carbon	  is	  much	  higher	  than	  the	  baseline	  in	  
the	   case	   of	   the	  most	   active	   catalyst;	   10	   wt%	   Ni/ZrO2.	   This	   increase	   is	   caused	   by	   the	  
carbonation	  of	  CO2	  formed	  via	  the	  reforming	  of	  hydrocarbons	  to	  H2	  over	  the	  Ni-­‐catalyst.	  
This	   is	  corroborated	  by	  Figure	  5.9	  (b)	  that	  shows	  significant	  suppression	  of	  CO2	  in-­‐situ,	  
except	   in	   the	   case	   of	   10	   wt%	   Ni/ZrO2,,	   where	   some	   CO2	   is	   produced,	   which	  may	   be	  
attributed	  to	  the	  kinetics	  of	  carbonation	  being	  slower	  than	  the	  kinetics	  of	  CO2	  formation	  
via	  reforming.	  
	   The	  ex-­‐situ	  case	  shows	  that	  inorganic	  and	  organic	  carbon	  amounts	  are	  similar	  to	  
the	   non-­‐catalytic	   ATT	   case,	   which	   is	   expected	   since	   the	   catalysts	   in	   each	   case	   are	   all	  
placed	  downstream	  of	   the	  cellulose	  and	  Ca(OH)2.	  Consequently,	   the	  yield	  CO2	   is	  much	  
higher	  than	  non-­‐catalytic	  case	  as	  shown	  in	  Figure	  5.9	  (b).	  The	  reforming	  reactions	  occur	  
away	  from	  the	  Ca(OH)2	  and	  therefore	  there	  is	  no	  CO2	  capture	  material.	  
	   These	  results	  indicate	  that	  H2	  formation	  occurs	  primarily	  in	  the	  gas-­‐phase	  and	  all	  
of	   the	   tested	   catalysts	   have	   a	   much	   smaller	   effect	   in	   term	   of	   solid-­‐solid	   catalysis.	  
However	   due	   to	   this	   pathway	   of	   H2	   production,	   significant	   levels	   of	   CO2	  may	   only	   be	  
captured,	  when	  the	  catalyst	  is	  placed	  in-­‐situ.	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Figure	  5.9:	  Comparison	  of	  Ni-­‐based	  catalysts	  prepared	  with	  different	  Ni-­‐loadings	  and	  
support	  materials	  in	  terms	  of	  carbon	  distribution	  in	  products	  and	  reaction	  residues	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5.4	  Conclusions	  
	   This	   study	  shows	   that	   the	  catalytic	  activities	  of	   the	  various	  metals	   tested	  
for	  H2	  production	   follow	  the	  trend:	  Ni	  >	  Pt,	  Pd	  >	  Co	  >	  Fe,	  Cu.	  The	  choice	  of	   the	  
support	  is	  critical	  in	  achieving	  a	  high	  conversion	  as	  illustrated	  by	  ZrO2	  supported	  
Ni	   catalysts,	   which	   show	   much	   greater	   catalytic	   activity	   than	   their	   α-­‐Al2O3	  
counterparts.	  This	   is	  due	  to	  their	   larger	  surface	  area,	   increased	  metal	  dispersion	  
and	   larger	   fraction	  of	  mesopores.	   It	  was	   found	   that	  H2	  production	   is	   controlled	  
through	   the	   reforming	   of	   gaseous	   intermediates	   over	   the	   Ni	   catalyst,	   and	  
although	   solid	   contact	   between	   the	   catalyst	   and	   the	   reactants	   does	   yield	   slight	  
improvements	   over	   pure	   gas	   phase	   catalysis,	   it	   does	   not	   scale	  with	  Ni	   loading.	  
However,	   for	   supressed	   CO2	   formation,	   the	   catalyst	   must	   be	   intimately	   mixed	  
with	   the	   reactants	   in	   order	   to	   allow	   for	   the	   formation	   of	   CaCO3	   from	   the	  
produced	   CO2	   and	   Ca(OH)2	   reactant.	   Alternate	   mechanisms	   for	   H2	   production,	  
such	   as	   the	  WGS	   and	   CH4	   reforming,	  were	   ruled	   out	   due	   to	   relatively	   low	   and	  
constant	  CO	  and	  CH4	  formation	  curves.	  Overall,	  the	  10%	  Ni/ZrO2	  catalyst	  was	  the	  
most	   effective	   at	   promoting	   H2	   yield,	   with	   a	   maximum	   conversion	   of	   49.0%.	  
Future	  work	  will	  focus	  on	  the	  gaseous	  pathways	  of	  H2	  formation	  and	  methods	  to	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CHAPTER	  6	  
6. Identification	  of	  Reaction	  Intermediates	  and	  Carbon	  
Capture	  Potential	  -­‐	  Insight	  into	  the	  Role	  of	  Ca(OH)2	  
This	  chapter	  has	  been	  submitted	  to	  ChemSusChem	  under	  the	  title	  
“Gaseous	  Alkaline	  Thermal	  Treatment	  (GATT)	  Reaction	  during	  the	  Conversion	  of	  Cellulose	  to	  
H2	  with	  Integrated	  Carbon	  Capture”	  
Maxim	  R.	  Stonora,c,	  Nicholas	  Ouassila,	  Jingguang	  G.	  Chena,c,*,	  and	  Ah-­‐Hyung	  Alissa	  Parka,b,c,*	  
	  
6.1	  Introduction	  
	   Chapters	  4	  and	  5	  have	  investigated	  the	  possibility	  of	  using	  Ca(OH)2	  +	  a	  Ni-­‐based	  
catalyst	   as	   a	   alternative	   to	  NaOH	   in	   the	  ATT	  of	   cellulose.	   As	   a	   reminder,	   the	   reaction	  
equation	  for	  the	  ATT	  of	  cellulose	  with	  NaOH	  and	  Ca(OH)2	  is	  
𝐶!𝐻!"𝑂! + 12𝑁𝑎𝑂𝐻 + 𝐻!𝑂 → 12𝐻! + 6𝑁𝑎!𝐶𝑂!	   Eq.	  6.1	  
𝐶!𝐻!"𝑂! + 6𝐶𝑎 𝑂𝐻 ! + 𝐻!𝑂 → 12𝐻! + 6𝐶𝑎𝐶𝑂!	   Eq.	  6.2	  
Although	  Eq.	  6.1	  and	  6.2	  predict	  identical	  H2	  yields	  from	  cellulose,	  in	  practice	  numerous	  
side	   reactions	   and	   differences	   between	   the	   physical	   properties	   of	   group	   I	   and	   II	  
hydroxides	  cause	  significant	  deviations	  from	  the	  ideal	  case.	  	  
	   It	  has	  been	  established	  that	  a	  mixture	  of	  Ca(OH)2	  and	  10%	  Ni/ZrO2	  can	  achieve	  
H2	   yields	   similar	   to	   NaOH,43	   yet	   it	   requires	   that	   cellulose	   be	   intimately	   mixed	   with	  
Ca(OH)2	  and	  10%	  Ni/ZrO2.	  The	  scalability	  and	  sustainability	  of	  such	  a	  process	  is	  hindered	  
due	   to	   several	   practical	   challenges:	   (1)	   Mixing	   large	   quantities	   of	   solids	   uniformly	  
	   109	  
presents	   a	   design	   challenge,	   (2)	   the	   products	   (bio-­‐char,	   CaCO3,	   spent	   catalyst)	   would	  
require	   several	   steps	   to	   separate,	   and	   (3)	   the	   presence	   of	   carcinogenic	   nickel	   is	   an	  
environmental	  hazard.208	  Ideally,	  the	  feed-­‐stock	  should	  be	  kept	  separate	  of	  the	  Ca(OH)2	  
and	   10%	   Ni/ZrO2	   mixture	   since	   the	   bio-­‐char	   formed	   post-­‐reaction	   can	   be	   used	   to	  
upgrade	   soil.209	   If	   separation	   of	   the	   feed-­‐stock	   from	   the	   active	   materials	   can	   be	  
achieved,	   it	   would	   simplify	   the	   extraction	   of	   the	   spent	   catalyst.	   Separation	   of	   10%	  
Ni/ZrO2	   from	  the	  calcium	  compounds	   (CaCO3	  and	   residual	  CaO/Ca(OH)2	  post-­‐reaction)	  
could	  be	  achieved	  relatively	  easily	  through	  existing	  magnetic	  separation	  processes	  that	  
can	  remove	  Ni-­‐based	  catalyst	  particles	  from	  liquids210	  and	  slurries.211	  
	   This	   chapter	   will	   discuss	   whether	   Ca(OH)2	   and	   10%	   Ni/ZrO2	   can	   be	   placed	  
downstream	   of	   cellulose.	   The	   use	   of	   CaO	   and	   Ca(OH)2	   as	   an	   additive	   to	   promote	   H2	  
production	   is	  not	  a	  new	  concept,	  and	  several	  studies	  have	  shown	  that	  these	  materials	  
can	  promote	  the	  yield	  of	  H2	  production	  from	  biomass	  during	  gasification.115,140,203,204	  The	  
yield	   in	   H2	   was	   due	   to	   a	   combined	   effect	   of	   CO2	   sorption	   by	   Ca(OH)2	   to	   promote	  
equilibrium	   reactions,	   and	   the	   ability	   of	   Ca(OH)2	   to	   reform	   gaseous	   species	   to	   H2.	  
However	  this	  study	  differs	  since	  it	  aims	  to	  understand	  the	  role	  of	  Ca(OH)2	  in	  promoting	  
H2	  yield	  from	  biomass	  through	  an	  investigation	  into	  the	  intermediates	  of	  the	  reaction	  at	  
temperatures	  lower	  than	  conventional	  gasification	  reactions:	  ≤773	  K.	  Furthermore,	  the	  
effect	  of	  utilizing	  a	  10%	  Ni/ZrO2	  catalyst	  in	  tandem	  with	  Ca(OH)2	  will	  also	  be	  explored.	  
	   110	  
6.2	  Materials	  and	  Methods	  
6.2.1	  Catalyst	  Synthesis	  	  
	   High-­‐loading	   10%	   Ni/ZrO2	   catalyst	   was	   prepared	   via	   the	   slurry	   method.	   A	  
solution	  of	  Nickel	  (II)	  Nitrate	  was	  prepared	  by	  dissolving	  1100.98mg	  of	  Nickel	  (II)	  Nitrate	  
Hexahydrate	  salt	  (Alfa	  Aesar)	  into	  30mL	  of	  DI	  water.	  Two	  grams	  of	  ZrO2	  (<150μm)	  were	  
then	  poured	  into	  the	  beaker	  while	  a	  magnetic	  stir-­‐bar	  agitated	  the	  solution	  at	  400	  RPM.	  	  
The	  solution	  was	   then	  heated	   to	  333	  K	   in	  an	  oil	  bath	  until	   the	  water	  had	  evaporated.	  
The	   impregnated	   support	   was	   then	   dried	   at	   363	   K	   overnight.	   The	   dried	   catalyst	   was	  
placed	   in	  a	  tube	  furnace,	  calcined	   in	  a	  N2	  atmosphere	  by	  heating	  the	  sample	  a	  rate	  of	  
0.4	   K/min	   to	   563	   K,	   followed	   by	   an	   isothermal	   treatment	   of	   2	   hours.	   The	   supported	  
catalyst	  was	   then	  cooled	   to	   room	   temperature	  and	  purged	  with	  pure	  H2.	   The	   catalyst	  
was	   then	  heated	  at	   a	   rate	  of	   8	  K/min	   to	  773	  K	  and	  held	   isothermally	   for	  one	  hour	   in	  
order	   to	   reduce	   the	   NiO	   to	   Ni.	   After	   reduction,	   the	   reactor	   was	   cooled	   to	   293	   K,	  
followed	  by	  a	  passivation	  step	  for	  one	  hour.	  Passivation	  was	  performed	  by	  flowing	  1%	  
O2	  +	  99%	  N2	  over	   the	  catalyst	   in	  order	   to	  create	  a	   thin	  oxidation	  to	  protect	   the	  metal	  
from	  bulk	  oxidation	  when	  exposed	  to	  the	  ambient	  air.	  Passivation	  resulted	  in	  enhanced	  
catalytic	   activity	   in	   comparison	   to	   an	   identical	   catalyst	   used	   in	   previously	   published	  
work,	  which	  did	  not	  include	  this	  step.43	  
6.2.2	  Sample	  Preparation	  
	   Reaction	   samples	  were	   prepared	   by	   combining	   Ca(OH)2	   powder	   (Acros	   19	   μm	  
particle	  size)	  with	  cellulose	  powder	  (Acros,	  micro-­‐crystalline	  50	  μm	  particle	  size)	  at	  a	  6:1	  
molar	  ratio	  according	  to	  the	  stoichiometry	  given	  in	  Eq.	  6.2	  in	  the	  text.	  Catalyst	  was	  then	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added	  (except	  in	  baseline	  measurements)	  in	  order	  to	  create	  an	  overall	  mixture	  of	  which	  
20	   wt%	   of	   the	   sample	   was	   catalyst.	   Based	   on	   these	   proportions	   and	   to	   reduce	  
experimental	   variability,	   the	   sample	   amounts	   were	   kept	   constant	   throughout	   every	  
experiment:	  181mg	  of	  Cellulose,	  496mg	  of	  Ca(OH)2	  and	  170mg	  of	  10%	  Ni/ZrO2.	  750μL	  of	  
DI	  was	  then	  added	  to	  the	  mixed	  powder	  sample	  in	  order	  to	  further	  promote	  mixing	  and	  
create	  a	  sample	  paste.	  The	  paste	  was	  then	  shaped	  into	  a	  pellet	  and	  placed	  inside	  a	  1.05	  
cm	  I.D.	  quartz	  tube,	  while	  being	  held	   in	  place	  by	  quartz	  wool.	  Quartz	  was	  found	  to	  be	  
inert	   during	   the	   ATT	   reactions	   and	   therefore	   does	   not	   have	   any	   effect	   on	   the	  
experiment.43	   If	   a	   multiple	   zone	   setup	   was	   desired,	   additional	   pieces	   of	   quartz	   wool	  
were	   used	   create	   isolated	   region	   inside	   the	   reactor.	   After	   the	   appropriate	   setup,	   the	  
quartz	  tube	  was	  then	  placed	  inside	  the	  furnace,	  which	  was	  housed	  in	  an	  outer	  hotbox	  in	  
order	  to	  keep	  all	  of	  the	  reactor	  lines	  heated.	  
6.2.3	  In-­‐Situ	  and	  Ex-­‐Situ	  Catalytic	  Reactions	  
	   Three	   reaction	   schemes	   were	   developed	   whereby	   the	   placement	   of	   materials	  
was	   altered	   in	   order	   to	   identify	   the	   effectiveness	   of	   several	   reactor	   configurations.	  
Figure	  6.1	  shows	  a	  graphical	  representation	  of	  the	  reactor	  system.	  Cellulose	  was	  always	  
placed	  in	  Zone	  1,	  whereas	  Ca(OH)2	  and	  10%	  Ni/ZrO2	  could	  be	  placed	  in	  either	  Zone	  1	  or	  
2.	  If	  all	  materials	  were	  placed	  in	  Zone	  1	  (denoted	  as	  the	  (B+H+C)	  case),	  intimate	  contact	  
between	  the	  reactants	  and	  the	  catalyst	  particles	  was	  achieved,	  therefore	  allowing	  solid-­‐
solid	  as	  well	  as	  gas	  phase	  catalytic	  reactions	  to	  take	  place.	  On	  the	  other	  hand,	  placing	  
the	  catalyst	  in	  Zone	  2	  (denoted	  as	  the	  (B+H)	  +(C)	  case)	  prevented	  any	  direct	  solid-­‐solid	  
contact	  between	  the	  catalyst	  and	  the	  cellulose	  and	  Ca(OH)2	  mixture.	  Thus,	  any	  catalytic	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effect	   would	   arise	   only	   from	   the	   interactions	   between	   the	   catalyst	   and	   the	   gaseous	  
compounds	   produced	   upstream	   from	   of	   the	   ATT	   of	   cellulose	   and	   Ca(OH)2.	   Finally,	  
Placing	  both	  Ca(OH)2	  and	  10%	  Ni/ZrO2	  downstream	  of	  the	  cellulose	  was	  also	  possible	  in	  
order	   to	   attempt	   to	   have	   both	   gas	   phase	   catalysis	   while	   maintaining	   CO2	   capture	  
(denoted	  as	  (B)+(H+C)).	  A	  summary	  of	  these	  test	  configurations	  is	  given	  in	  Table	  6.1.	  
	  
Figure	  6.1:	  Schematic	  of	  the	  Thermochemical	  Reactor	  
	  
Table	  6.1:	  Description	  of	  the	  Three	  Main	  Catalytic	  Cases	  
	   In-­‐Situ	  Catalysis	   Ec-­‐Situ	  Catalysis	  
Ec-­‐Situ	  Catalysis	  with	  
Carbon	  Capture	  
Zone	  1	  
Cellulose	  -­‐	  B	  
Ca(OH)2	  -­‐	  H	  
10%	  Ni/ZrO2	  -­‐	  C	  
Cellulose	  -­‐	  B	  
Ca(OH)2	  -­‐	  H	  
Cellulose	  -­‐	  B	  
Zone	  2	   	   10%	  Ni/ZrO2	  -­‐	  C	  
Ca(OH)2	  -­‐	  H	  
10%	  Ni/ZrO2	  -­‐	  C	  
Notation	   (B+H+C)	   (B+H)+(C)	   (B)+(H+C)	  
	   113	  
6.2.4	  Reaction	  Conditions	  
	   The	  reaction	  tube	  was	  purged	  with	  N2	  at	  a	  flow	  of	  20	  mL/min	  in	  order	  to	  remove	  
all	  the	  O2	  present.	  After	  purging	  for	  10	  minutes,	  the	  furnace	  and	  hotbox	  were	  heated	  at	  
a	  rate	  of	  4	  K/min	  to	  373	  K	  and	  held	  isothermally	  for	  40	  minutes.	  During	  the	  40-­‐minute	  
isothermal	   period,	   water	   was	   injected	   into	   the	   hotbox	   at	   a	   flow-­‐rate	   of	   7	   μL/min	   in	  
order	  to	  create	  steam.	  This	  allowed	  for	  the	  excess	  moisture	  in	  the	  sample	  to	  evaporate	  
as	  well	  as	  allow	  the	  flow	  of	  steam	  to	  stabilize.	  After	  the	  isothermal	  stabilization	  phase,	  
the	  reactor	  and	  hotbox	  were	  heated	  to	  773	  K	  and	  453	  K	  respectively	  at	  a	  rate	  of	  4	  K/min	  
The	  furnace	  was	  then	  held	  isothermally	  at	  773	  K	  until	  the	  H2	  concentration	  measured	  by	  
the	  micro-­‐GC	  fell	  below	  0.1%	  and	  the	  reaction	  deemed	  complete.	  	  
6.2.5	  Analysis	  of	  Gaseous	  Samples	  
	   Light	   gases	   such	   as	  H2,	   CO,	   CO2,	   CH4,	   C2H6,	   and	   C2H4	  were	   quantified	   using	   an	  
Inficon	  micro-­‐GC	  3000	  with	  a	  sampling	  time	  of	  ~2.5	  minutes.	  The	  relatively	  fast	  sampling	  
generated	   formation	   curves	   for	   the	   light	   gaseous	   species.	   The	   light	   gases	   were	   also	  
collected	   in	   a	   tedlar	   gasbag	   downstream	   of	   the	   micro-­‐GC	   in	   order	   to	   determine	   the	  
overall	  conversion	  to	  H2	  based	  on	  the	  reaction	  stoichiometry	  given	  in	  Eq.	  6.2	  in	  the	  text.	  
All	  of	   the	  data	  was	   then	  normalized	   to	   the	  moles	  of	  cellulose	  used	   in	  order	   to	  enable	  
accurate	  comparisons	  between	  experiments.	  
6.2.6	  Analysis	  of	  Solid	  Residue	  
	   After	   the	   reaction,	   the	   solid	   residues	   were	   analyzed	   for	   their	   mineral	  
composition	  and	  carbon	  content	  by	  using	  a	  UIC	  CM150	  Coulometer	  with	  Total	  Carbon	  
and	  Inorganic	  Carbon	  modules.	  Total	  carbon	  was	  measured	  by	  combusting	  the	  sample	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in	  pure	  O2	  at	  1223	  K	  and	  measuring	  the	  CO2	  released;	   inorganic	  carbon	  was	  measured	  
by	   the	   dissolving	   the	   sample	   in	   perchloric	   acid	   and	  measuring	   the	   CO2	   released.	   The	  
difference	  between	   the	   total	   carbon	   and	   inorganic	   carbon	  percentages	   then	   gave	   the	  
organic	  carbon	  content	  of	  the	  material.	  	  
	   An	  estimation	  of	  the	  CaO	  and	  Ca(OH)2	  content	  inside	  the	  solid	  residue	  was	  also	  
possible.	  The	  following	  equations	  were	  used	  to	  estimate	  amounts	  of	  each	  component.	  
𝑊!"#$%& =𝑊!"#!"#$% +𝑊!"# +𝑊!"(!")! +𝑊!"!!! +𝑊!"#$%&' 	   Eq.	  6.3	  
Where	   W	   denotes	   the	   mass	   of	   the	   material.	   Since	   the	   amount	   of	   catalyst	   does	   not	  
change	  during	  the	  reaction	  and	  Total	  Carbon	  and	  Inorganic	  carbon	  measurements	  give	  
the	  mass	  of	  calcium	  carbonate	  and	  organic	  carbon,	  we	  may	  rewrite	   in	   terms	  of	  moles	  
and	  obtain,	  
𝑊!"#$%& = 𝑁!"#𝑀!"# + 𝑁!"(!")!𝑀!"(!")! +𝑊!"#"$%&# +𝑊!"!!! +𝑊!"#$%&'  	   Eq.	  6.4	  
Where	  N	  denotes	  moles,	  and	  M	  denotes	  molecular	  weight.	   In	   this	  equation	   there	  are	  
two	  unknowns:	  𝑁!"#	  and	  𝑁!"( !)!.	  Since	  calcium	  does	  not	  form	  any	  gaseous	  species,	  it	  
is	   reasonable	   to	   assume	   that	   the	   number	   of	   calcium	   moles	   present	   in	   the	   reaction	  
residue	   is	   equal	   to	   the	   number	   of	   calcium	   moles	   placed	   into	   the	   reactor	   initially	   as	  
Ca(OH)2.	  Since	  CaO,	  Ca(OH)2,	  CaCO3	  have	  a	  1:1:1	  molar	  ratio	  of	  calcium	  we	  may	  write,	  
𝑁!"(!")!!" = 𝑁!"#!"# + 𝑁!"(!")!!"# + 𝑁!"!!!"# 	   Eq.	  6.5	  
Since	  𝑁!"!!!"# 	  is	  given	  by	  the	  Inorganic	  Carbon	  measurement,	  this	  leaves	  two	  unknowns	  
𝑁!"#!"# + 𝑁!"(!")!!"#.	  Solving	  these	  equations	  simultaneously	  then	  gives	  an	  estimation	  
for	  the	  quantities	  of	  CaO	  and	  Ca(OH)2	  in	  the	  reaction	  residue.	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6.2.7	  Collection	  of	  Liquid	  Samples	  
	   Figure	   6.2	   shows	   how	   the	   reactor	   in	   Figure	   6.1	   was	   modified	   to	   collect	  
condensable	  products.	  In	  this	  alternate	  setup,	  the	  carrier	  gas	  flows	  directly	  into	  a	  sealed	  
vial	   filled	  with	  hexane.	  The	  vial	  of	  hexane	   is	  surrounded	  by	  a	  recirculating	  water	  bath,	  
which	  is	  held	  at	  a	  constant	  temperature	  of	  275	  K.	  The	  advantage	  of	  this	  setup	  is	  that	  as	  
hot	   gases	   exit	   the	   reactor,	   the	   distance	   between	   the	   reactor	   and	   the	   condenser	   is	  
minimized,	  thus	  maximizing	  capture	  efficiency	  of	  condensable	  products.	  Permanent	  gas	  
then	  flowed	  out	  of	  the	  vial	  through	  an	  needle	  and	  into	  a	  tedlar	  gas-­‐bag.	  Post-­‐reaction,	  
the	  vial	  was	   removed	  and	  two	  distinct	   layers	  were	  observed:	  hexane	  and	  water	   (from	  
the	  residual	  steam	  used	  in	  the	  reaction).	  The	  vial	  was	  then	  placed	  in	  a	  freezer	  in	  order	  to	  
freeze	   the	  water,	   after	  which	   the	   liquid	   hexane	  was	   poured	   into	   a	   separate	   vial.	   The	  
separated	   hexane	   and	   water	   were	   then	   diluted	   to	   a	   volume	   of	   20	   mL	   and	   2.5	   mL	  
respectively	  with	  hexane	  of	  DI	  water	  accordingly.	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Figure	  6.2:	  Illustration	  of	  the	  Alternate	  Configuration	  of	  the	  Reactor	  Furnace	  and	  a	  
custom	  Condenser	  
	  
6.2.8	  Analysis	  of	  Liquid	  Samples	  	  
	   Each	   phase	   was	   analyzed	   using	   an	   Agilent	   7890A	   Gas	   Chromatograph	   and	   an	  
Agilent	  5975C	  Mass	   spectrometer.	   The	  Agilent	  7890A	  was	  equipped	  with	  a	  VF-­‐200MS	  
mid-­‐polarity	   column	   with	   a	   carrier	   gas	   flow-­‐rate	   of	   0.6mL/min.	   The	   column	   injector	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temperature	  was	  set	  to	  673	  K,	  the	  valve-­‐box	  to	  598	  K,	  and	  the	  MS	  transfer	  line	  to	  623	  K.	  
The	   temperature	   program	   was	   set	   as	   follows:	   Isothermal	   at	   293	   K	   for	   10	   minutes,	  
heated	  at	  a	  rate	  of	  2	  K/min	  to	  329	  K	  and	  held	  isothermally	  for	  5	  minutes,	  then	  heated	  to	  
383	   K	   at	   a	   rate	   1	   K/min,	   then	   at	   a	   rate	   of	   10	   K/min	   to	   598	   K.	   Hexane	   samples	  were	  
analyzed	  by	  injecting	  4μL	  of	  the	  diluted	  solution,	  while	  an	  injection	  volume	  of	  0.5μL	  was	  
required	  for	  water	  samples.	  The	  reason	  for	  the	  difference	  in	  injection	  volume	  was	  due	  
to	   the	   expansion	   of	   volume	   of	   water,	   which	   prevents	   more	   than	   0.5μL	   from	   being	  
injected	   into	   the	   GC	   at	   a	   time.	   Consequently,	   the	   dilution	   of	   the	   hexane	   and	   water	  
phases	  were	  set	  to	  20	  mL	  and	  2.5mL	  respectively,	  so	  that	  the	  ratio	  of	  volume	  injected	  to	  
total	   volume	   was	   the	   same.	   Hence,	   despite	   different	   injection	   volumes,	   the	  














Upon	  injection	  into	  the	  GC-­‐side	  of	  the	  instrument,	  the	  components	  in	  the	  mixture	  were	  
separated	   in	   the	   VF-­‐200MS	   column	   and	   then	   identified	   in	   the	   Agilent	   5975C	   MS	   by	  
comparing	  the	  unique	  mass	  spectra	  of	  the	  separated	  peak	  to	  the	  NIST	  2011	  MS	  Library.	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6.3	  Results	  and	  Discussion	  
6.3.1	  Effect	  of	  Reactor	  Configuration	  on	  H2	  and	  CO2	  Yields	  
	   The	   first	   step	   in	   determining	  whether	   the	   feed-­‐stock	   could	   be	   isolated	  was	   to	  
determine	   the	  change	   in	   catalytic	  activity	  when	  10%	  Ni/ZrO2	  was	  placed	   in-­‐situ	  or	  ex-­‐
situ	  of	  the	  cellulose	  and	  Ca(OH)2	  mixture.	  Figure	  6.3	  shows	  the	  formation	  rates	  of	  H2	  and	  
CO2	  versus	  temperature	  in	  relation	  to	  catalyst	  placement.	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   For	   the	   cases	   of	   (B+H),	   (B+H+C),	   and	   (B+H)+(C),	   the	   conversion	   to	   H2	   is	   6.0%,	  
45.1%,	   and	   31.7%,	   respectively.	   The	   conversion	   achieved	   in	   the	   case	   of	   (B+H+C)	   is	  
consistent	  with	   previous	  work43	   along	  with	   the	   significantly	   suppressed	   levels	   of	   CO2.	  
However,	  in	  the	  case	  of	  (B+H)+(C),	  although	  the	  conversion	  was	  lower	  than	  in	  the	  in-­‐situ	  
(B+H+C)	   case	   (31.7%	   <	   45.1%),	   the	   conversion	   to	   H2	   is	   significantly	   higher	   than	   the	  
baseline	  case	  of	  6.0%.	  Yet,	  CO2	  is	  not	  suppressed	  in	  the	  ex-­‐situ	  case,	  since	  the	  Ni-­‐based	  
catalyst	   is	   placed	  downstream	  of	   the	  Ca(OH)2.	   This	   implies	   that	   the	  Ni-­‐based	   catalyst,	  
while	   having	   an	   effect	  when	   placed	   in	   solid-­‐solid	   contact	  with	   the	   reactants	   (B+H+C),	  
plays	  a	  significant	  role	  in	  the	  gas	  phase	  reforming	  [(B+H)+(C)]	  of	  intermediates	  to	  H2	  and	  
CO2,	   as	   evidenced	   through	   the	   significant	   enhancement	   in	  H2	   yield	   over	   the	   baseline.	  
While	   the	   placement	   of	   the	   catalyst	   in	   a	   down-­‐stream	   position	   can	   still	   achieve	  
approximately	   70%	   of	   the	   H2	   yield	   of	   (B+H+C),	   there	   is	   no	   integrated	   CO2	   capture.	  
Specifically,	  in	  the	  case	  of	  (B+H+)C),	  1.02	  moles	  of	  CO2	  is	  released	  per	  mole	  of	  cellulose,	  
in	   comparison	   to	   (B+H+C),	   where	   only	   0.11	   moles	   of	   CO2	   is	   released	   per	   mole	   of	  
cellulose.	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Figure	  6.4:	  Formation	  rates	  of	  H2	  and	  CO2	  for	  the	  cases	  of	  (B)+(H)	  and	  (B)+(H+C)	  
	  
	   The	  observation	  that	  the	  H2	  yield	  can	  be	  maintained,	  despite	  placing	  the	  catalyst	  
downstream,	   warrants	   an	   investigation	   into	   whether	   Ca(OH)2	   can	   also	   be	   placed	  
downstream	   in	  order	   to	  capture	  CO2	  while	  maintaining	  H2	  yield.	   	   Figure	  6.4	  compares	  
the	  cases	  of	  (B)+(H)	  and	  (B)+(H+C),	  the	  former	  setting	  the	  baseline	  for	  the	  H2	  production	  
capacity	  of	  Ca(OH)2	  alone	  when	  placed	  downstream	  of	  cellulose.	  
	   In	   the	   case	   of	   (B)+(H+C),	   H2	   yield	   substantially	   increases	   from	   the	   baseline	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significantly	  suppressed	  compared	  to	  the	  (B+H)+(C)	  case	  shown	  in	  Figure	  6.3;	  0.06	  and	  
1.02	   moles	   of	   CO2	   per	   mole	   of	   cellulose	   respectively	   are	   released.	   These	   results	   are	  
important	   since	   it	   is	   known	   from	   previous	   work	   that	   the	   reforming	   of	   pure	   pyrolysis	  
vapors	  with	  a	  10%	  Ni/ZrO2	  catalyst	  can	  only	  achieve	  a	  maximum	  H2	  yield	  of	  <5%43	  under	  
these	   conditions.	   Similarly,	   Ca(OH)2	   alone	   ((B)+(H))	   only	   achieves	   a	   H2	   yield	   of	   2.1%.	  
However	   Figure	   6.4	   shows	   that	   upon	   combing	   Ca(OH)2	   and	   10%	  Ni/ZrO2	   downstream	  
there	   is	   a	   synergistic	   effect,	   which	   promotes	   H2	   formation	   and	   simultaneously	  
suppresses	  CO2	  production.	  	  
	   Although,	  the	  in-­‐situ	  catalytic	  ATT	  reaction	  ((B+H+C)	  case)	  results	  in	  the	  highest	  
H2	  yield,	  this	  scheme	  would	  be	  challenging	  to	  scale-­‐up	  due	  to	  difficulties	  associated	  with	  
mixing	   large	   quantities	   of	   solids,	   catalyst	   recycling,	   bio-­‐char	   utilization,	   and	  
environmental	  safety	  concerns.	  However,	  the	  results	  have	  shown	  that	  Ca(OH)2	  and	  10%	  
Ni/ZrO2	  do	  not	  need	  to	  be	  in	  physical	  contact	  with	  cellulose,	  since	  the	  primary	  pathway	  
of	  H2	  formation	  is	  through	  the	  reforming	  of	  pyrolysis	  vapors	  over	  the	  Ca(OH)2	  and	  10%	  
Ni/ZrO2	  mixture.	  The	  results	  from	  the	  (B)+(H+C)	  configuration	  are	  also	  more	  promising	  
than	  those	  achieved	  by	  the	  (B+H)+(C)	  case	  for	  several	  reasons.	  (1)	  CO2	  is	  suppressed	  to	  
lower	   levels	   (1.02	   mol/mol	  à	   0.06	   mol/mol),	   (2)	   H2	   conversion	   is	   higher	   (31.7%	  à	  
36.4%),	   (3)	   no	   mixing	   of	   biomass	   and	   hydroxide	   is	   required,	   and	   (4)	   produced	   solid	  
residue	  (e.g.,	  bio-­‐char)	  can	  be	  utilized.	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6.3.2	  Effect	  of	  Reactor	  Configuration	  on	  CO	  and	  CH4	  Yields	  
	   Figure	  6.5	  shows	  the	  formation	  of	  CO	  and	  CH4	  for	  the	  cases	  baseline	  case	  (B+H),	  
as	  well	  as	  the	  in-­‐situ	  and	  ex-­‐situ	  catalytic	  cases.	  
	  
Figure	  6.5:	  Formation	  rates	  of	  CO	  and	  CH4	  for	  the	  cases	  of	  (B+H),	  (B+H+C),	  and	  (B+H)+(C)	  
	  
The	   difference	   between	   each	   case	   is	   negligible	   in	   comparison	   to	   the	   amount	   of	   H2	  
produced,	   as	   shown	   in	   Figure	   6.3.	   However,	   it	   can	   be	   seen	   that	   the	   presence	   of	   the	  
catalyst	  does	  result	  in	  enhanced	  CO	  production	  in	  the	  case	  of	  (B+H+C)	  as	  well	  as	  a	  small	  
enhancement	   in	   CH4	   in	   both	   catalytic	   cases.	   Ni	   is	   well	   known	   as	   a	   methanation	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to	  attribute,	  however,	  planned	  studies	   into	  the	  catalytic	  pathways	  should	  elucidate	   its	  
role	  in	  the	  catalytic	  ATT	  reaction.	  Figure	  6.6	  also	  shows	  similar	  results,	  with	  a	  CO	  spike	  
appearing	  at	  615	  K	   in	  the	  case	  of	   (B)	  +	  (H+C).	  CH4	  on	  the	  other	  hand	  does	  not	  change	  
significantly.	  
	  
Figure	  6.6:	  Formation	  rates	  of	  CO	  and	  CH4	  for	  the	  cases	  of	  (B)+(H)	  and	  (B)+(H+C)	  
	  
6.3.3	  Identification	  and	  Qualitative	  Analysis	  of	  Reaction	  Intermediates	  
	   These	   results	   are	   very	   promising,	   however,	   the	   reaction	   intermediates	   formed	  
via	   the	   interactions	   between	   cellulose,	   Ca(OH)2	   and	   the	   10%	   Ni/ZrO2	   catalyst	   under	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is	   an	   oversimplification	   of	   the	   real	   pathway,	   and	   based	   on	   this	   study,	   it	   is	   clear	   that	  
further	   investigation	   into	   the	   underlying	   reaction	   pathway	   is	   essential	   in	   order	   to	  
improve	  catalyst	  selection	  and	  optimize	  the	  reaction	  conditions.	  Thus,	  an	   investigation	  
into	  the	  intermediates	  of	  the	  reaction	  is	  performed.	  
	   Since	   cellulose	   is	   essentially	   an	   oxygenated	   hydrocarbon,	   many	   of	   the	  
intermediate	   species	   for	   contain	   oxygen.	   These	   compounds,	   although	   gases	   under	  
reaction	   conditions,	   are	   liquids	   at	   room	   temperature,	   which	  means	   that	   they	   can	   be	  
detected	   in	   the	   condensed	   liquid	   product.	   The	   first	   set	   of	   experiments	   entailed	  
identifying	  the	  intermediates	  produced	  in	  the	  non-­‐catalytic	  baseline	  cases	  of	  (B+H)	  and	  
(B)+(H).	  The	  analysis	  of	  the	  two	  phases	  present	  in	  the	  liquid	  condensate	  indicated	  that	  
the	   primary	   compounds	   were,	   organic	   acids,	   linear	   oxygenated	   hydrocarbons,	   cyclic	  
oxygenates,	  and	  pyrolysis	  products.	  The	  complete	  list	  of	   identified	  compounds	  is	  given	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Table	  6.2:	  Intermediates	  Identified	  in	  the	  Liquid	  Hexane	  and	  Liquid	  Water	  
Peak	  ID	   Compounds	  in	  Hexane	   Peak	  ID	   Compounds	  in	  Water	  
A	   2-­‐Butanone	   1	   Formic	  Acid	  
B	   Benzene	  	  
(Hexane	  Solvent	  Impurity)	  
2	   Acetic	  Anhydride	  
C	   Furan	  
(Saturated/Unsaturated/	  
Methylated)	  
3	   Acetic	  Acid	  
D	   2-­‐Butanone,	  3-­‐methyl	   4	   Propanoic	  Acid	  
E	   Cyclosiloxane	  	  
(Column	  Degradation	  
Product)	  
5	   2-­‐Propanone-­‐1-­‐hydroxy	  
F	   Toluene	  	  
(Hexane	  Solvent	  Impurity)	  
6	   Furfural	  
G	   2-­‐Pentanone/3-­‐Pentanone	   7	   Cyclopentanone	  	  
(Saturated/Unsaturated/	  
Methylated)	  
H	   Benzene	  Derivatives	   8	   Cyclopentanone	  
(Saturated/Unsaturated/	  
Methylated/Hydroxylated)	  
I	   3-­‐Hexanone	   9	   Butyrolactone	  
J	   Cyclopentanone	  	  
(Saturated/Unsaturated/	  
Methylated)	  
10	   Furanone	  
(Saturated/Oxygenated/Hydroxylated)	  
K	   Furfural	   11	   Levoglucosenone	  
L	   Levoglucosenone	   12	   Linear	  Oxygenated	  Hydrocarbon	  	  
with	  2	  Oxygens	  
X	   Unidentified	   13	   Linear	  Oxygenated	  Hydrocarbon	  	  
with	  2	  Oxygens	  
	   	   14	   Levoglucosan	  
	  
	   Based	  on	  Table	  6.2	   it	   is	  evident	  several	  peaks	  are	   identified	  as	  either	  the	  same	  
compound,	  or	  a	  closely	  related	  derivative.	  As	  an	  example,	  peak	  J	  is	  known	  to	  be	  a	  cyclic	  
5-­‐membered	  carbon	  with	  a	  double	  bonded	  oxygen	  to	  the	  primary	  carbon.	  However,	   it	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may	   exist	  with	   double	   bonds	   and	  methyl	   groups	   on	   other	   select	   carbons.	   Due	   to	   the	  
complex	  nature	  of	  the	  mixture,	   it	   is	  difficult	  to	  precisely	  determine	  the	  exact	  chemical	  
structure	  of	  each	  peak,	  but	  the	  general	  class	  of	  molecule	  can	  be	  determined,	  which	   is	  
sufficient	  to	  begin	  to	  identify	  the	  primary	  pathway.	  
	   Figure	  6.7	  shows	  that	  there	  are	  many	  similarities	  in	  the	  identified	  intermediates	  
in	   the	   cases	   of	   (B+H)	   and	   (B)+(H),	   but	   with	   significant	   differences	   in	   the	   relative	  
concentrations.	  Analysis	  of	  the	  hexane	  phase	  (Figure	  6.7)	  shows	  that	  in	  the	  case	  of	  (B+H)	  
there	  are	   increased	  amounts	  of	  butanone	  (A&D),	   furan	  derivatives	   (C),	  pentanone	  (G),	  
hexanone	   (I)	   and	   cyclopentanone	   (J).	   In	   comparison,	   the	   (B)+(H)	   case	   has	   higher	  
amounts	   of	   fufural	   (K),	   levoglucosenone	   (L),	   and	   visually	   observed	   tar	   (cannot	   be	  
identified	   by	   MS).	   The	   latter	   three	   compounds	   are	   expected	   since	   they	   are	   known	  
pyrolysis	  products.213	  Figure	  6.8	  shows	  the	  intermediates	  identified	  in	  water,	  which	  are	  
also	  summarized	  in	  Table	  6.2.	  It	  is	  interesting	  to	  note	  that	  for	  the	  case	  of	  (B)+(H)	  there	  is	  
a	   slightly	   higher	   concentrations	   of	   small	   organic	   acids	   (1à4),	   however,	   the	   main	  
difference	  can	  be	  seen	  by	  the	  presence	  of	  rather	  large	  cellulose	  pyrolysis	  products.	  Since	  
Ca(OH)2	   is	   separated	   from	   cellulose,	   pyrolysis	   products	   such	   as	   levoglucosenone	   (11)	  
and	  levoglucosan	  (14)	  are	  expected.213	  Although	  peaks	  12	  and	  13	  are	  not	  fully	  identified,	  
they	  known	  to	  be	  linear	  oxygenates	  with	  5	  carbon	  and	  two	  oxygen	  atoms.	  The	  presence	  
of	  ether	  and	  possibly	  ester	  linkages	  is	  also	  suspected.	  	  
	   Overall,	   it	   seems	   that	   (B+H)	   produces	   more	   linear,	   low	   molecular	   weight	  
oxygenates,	  as	  opposed	   to	   (B)+(H)	  which	  produces	  more	  cyclic,	  high	  molecular	  weight	  
oxygenates.	   It	   is	   known	   that	   Ca(OH)2	   can	   break	   the	   C-­‐O	   bond	   present	   in	   cellulose,123	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hence,	  it	  is	  possible	  that	  intimate	  contact	  between	  cellulose	  and	  Ca(OH)2	  promotes	  the	  
ring	  opening	  of	   cyclic	   compounds	   in	  order	   to	   create	  more	   linear	  oxygenates	  as	   in	   the	  
case	  of	  (B+H).	  Furthermore,	  close	  proximity	  to	  Ca(OH)2	  may	  also	  promote	  the	  cleavage	  
of	   the	  C-­‐O	  bond	   in	   the	  heterocyclic	   ring,	   resulting	   in	  smaller	  molecules	  as	  observed	   in	  
the	   case	   of	   (B+H).	   Conversely,	   the	   lack	   of	   intimate	   contact	   between	   Ca(OH)2	   and	  
cellulose	  results	  in	  the	  formation	  of	  larger	  cyclic	  intermediates,	  as	  in	  the	  case	  of	  (B)+(H).	  
	   The	   presence	   of	   OH-­‐	   ions	   is	   known	   to	   decompose	   cellulose.	   At	   temperatures	  
below	   443	   K	   hydrolysis	   of	   the	   β1à4	   gylcosidic	   bonds	   on	   the	   terminal	   end	   of	   the	  
cellulose	  polymer	  occurs,	  while	  at	  temperatures	  above	  443	  K	  hydrolysis	  occurs	  at	  any	  C-­‐
O	   linkage.123-­‐125	   This	   results	   in	   a	   significant	   reduction	   in	   molecular	   weight,	   and	  
depending	   on	   the	   strength	   of	   the	   base,	   fragmentation	   ultimately	   leads	   to	   small	  
molecules	  that	  can	  be	  gasified126	  (NaOH),	  or	  larger	  C4	  to	  C6	  oxygenates,	  as	  in	  the	  case	  of	  
Ca(OH)2.124	  This	  phenomenon	  provides	  an	  understanding	  of	  how	  identified	  compounds	  
in	   Table	   5.2	   are	   formed,	   but	   also	   why	   Ca(OH)2	   and	   NaOH	   have	   such	   noticeable	  
differences	   in	   their	   ability	   to	   promote	   the	   H2	   yield	   from	   cellulose.	   While,	   NaOH	   can	  
produce	  H2	   in	  one-­‐step97,133,134	  through	  the	  production	  of	  small	   intermediates	  that	  can	  
be	  gasified,	  Ca(OH)2	  produces	  larger	  oxygenates	  that	  do	  not	  convert	  to	  H2	  under	  these	  
conditions,	  thus	  requiring	  the	  use	  of	  a	  catalyst.	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Figure	  6.7:	  A	  comparison	  of	  the	  observed	  peaks	  in	  the	  liquid	  hexane	  for	  the	  cases	  of	  
(B+H)	  and	  (B)+(H)	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Figure	  6.8:	  A	  comparison	  of	  the	  observed	  peaks	  in	  the	  liquid	  water	  for	  the	  cases	  of	  (B+H)	  
and	  (B)+(H)	  
	   	  
	   Given	  the	  observed	  intermediates,	  it	  is	  important	  to	  determine	  how	  the	  relative	  
concentrations	   of	   these	   compounds	   change	   when	   the	   10%	   Ni/ZrO2	   catalyst	   is	   used.	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Figure	  6.9	  shows	  that	  in	  the	  in-­‐situ	  case	  (B+H+C),	  there	  is	  a	  significant	  reduction	  in	  many	  
of	   the	   intermediates,	   especially	   butanone	   (A&D),	   pentanone	   (G),	   hexanone	   (I),	   and	  
cyclopentanone	  (J).	  The	  substantial	  decrease	  in	  intermediate	  concentration	  and	  increase	  
in	  H2	   formation	   (6.0%	  à	   45.1%)	   indicates	   that	   the	   catalyst	   successfully	   reforms	   these	  
compounds	  to	  H2	  and	  CO2.	  However,	  Figure	  6.10	  shows	  that	  there	  is	  little	  change	  in	  the	  
concentration	  of	  water-­‐soluble	  intermediates	  for	  this	  case.	  	  
	   In	   the	   case	   of	   (B+H)+(C),	   the	   there	   is	   some	   reduction	   in	   the	   concentrations	   of	  
butanone	  (A&D),	  hexanone	  (I),	  and	  cyclopentanone	  (J),	  however	  the	  change	  is	  unlikely	  
to	  be	  substantial	  enough	  to	  explain	  the	  increase	  in	  H2	  yield	  observed	  (6%	  à	  31.7%).	  This	  
discrepancy	  may	   be	   explained	   by	   Figure	   6.10,	  which	   shows	   that	   the	   concentration	   of	  
water-­‐soluble	  compounds	  such	  as	  small	  molecules	  (1à4)	  and	  propanone	  (5)	  decreases.	  
The	  relatively	  small	  decrease	  in	  cyclic	  compounds,	  and	  comparatively	  larger	  decrease	  in	  
linear	  oxygenates	  indicates	  that	  the	  10%	  Ni/ZrO2	  catalyst	  is	  more	  effective	  at	  reforming	  
linear	  compounds	  to	  H2	  and	  CO2	  than	  cyclic	  ones.	  	  
	   It	   should	   also	   be	   noted	   that	   H2	   can	   form	   from	   the	   cracking	   or	   larger	  
hydrocarbons	   as	   well.	   Due	   to	   the	   limitations	   of	   the	   Agilent	   7890A,	   the	   maximum	  
temperature	   that	   can	   be	   achieved	   is	   598	   K.	   Consequently	   it	   is	   possible	   that	   tars	  
produced	   during	   that	   process	   (especially	   those	   that	   give	   the	   extract	   a	  
brownish/yellowish	  tint)	  may	  not	  be	  detected	  on	  this	  system.	  Research	  is	  currently	  on-­‐
going	   in	   our	   group	   in	   order	   to	   further	   develop	   the	   pathway	   of	   the	   ATT	   reaction.	  
However,	   for	   the	   purposes	   of	   this	   study,	   the	   current	   findings	   are	   sufficient	   to	   draw	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important	   conclusions	   about	   the	   role	   of	   Ca(OH)2	   on	   oxygenate	   production	   and	   hence	  
the	  overall	  H2	  yield.	  
	  
	  
Figure	  6.9:	  A	  comparison	  of	  the	  observed	  peaks	  in	  the	  liquid	  hexane	  for	  the	  cases	  of	  
(B+H)	  and	  (B+H+C)	  and	  (B+H)+(C)	  























































































J X J X
J
X XX
	   132	  
	  
	  
Figure	  6.10:	  A	  comparison	  of	  the	  observed	  peaks	  in	  the	  liquid	  water	  for	  the	  cases	  of	  
(B+H)	  and	  (B+H+C)	  and	  (B+H)+(C)	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   Figure	  6.11	  shows	  the	  effect	  on	  the	  observed	  intermediates	  in	  the	  hexane	  phase	  
when	  Ca(OH)2	  and	  10%	  Ni/ZrO2	  are	  placed	  downstream	  of	  cellulose.	  When	  comparing	  
the	   cases	   of	   (B)+(H)	   and	   (B)+(H+C),	   the	   concentration	  of	   detected	   intermediates	   does	  
not	   change	   significantly.	   Although	   there	   are	   changes	   in	   the	   peaks	   of	   pentanone	   (G),	  
benzene	   derivatives	   (H),	   hexanone	   (I)	   and	   furfural	   (K),	   these	   decreases	   are	   not	   large	  
enough	  to	  cause	  the	  increase	  in	  H2	  yield	  observed	  (2.1%	  à36.4%).	  The	  majority	  of	  the	  
changes	  are	  observed	  in	  the	  water-­‐soluble	  compounds	  (Figure	  6.12)	  
	   In	   the	   ex-­‐situ	   catalytic	   case	   with	   carbon	   capture	   ((B)+(H+C)),	   where	   the	   10%	  
Ni/ZrO2	  catalyst	  is	  mixed	  with	  Ca(OH)2,	  many	  of	  the	  produced	  intermediates	  present	  in	  
the	  water	   phase	   disappear	  with	   significant	   reductions	   in	   peaks	   12,	   13	   and	   14	   (Figure	  
6.12).	  Although	  peaks	  12	  and	  13	  cannot	  be	  identified	  as	  a	  specific	  compound,	  they	  are	  
known	   to	   be	   linear	   oxygenated	   hydrocarbons	   with	   two	   oxygen	   atoms.	   These	   results	  
indicate	  that	  linear	  and	  cyclic	  oxygenates	  are	  converted	  to	  H2	  and	  CO2	  when	  Ca(OH)2	  is	  
intimately	   mixed	   with	   the	   10%	   Ni/ZrO2	   catalyst.	   It	   is	   interesting	   that	   levoglucosan	  
disappears	   completely	   while	   levoglucosenone	   does	   not.	   At	   this	   moment	   the	   precise	  
cause	   is	   unknown,	   thus	   investigation	   into	   the	   catalytic	   conversion	   of	   these	   two	  
molecules	  of	  Ni	  will	  be	  conducted	  in	  the	  future.	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Figure	  6.11:	  A	  comparison	  of	  the	  observed	  peaks	  in	  the	  liquid	  hexane	  for	  the	  cases	  of	  
(B)+(H)	  and	  (B)+(H+C)	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Figure	  6.12:	  A	  comparison	  of	  the	  observed	  peaks	  in	  the	  liquid	  water	  for	  the	  cases	  of	  
(B)+(H)	  and	  (B)+(H+C)	  
	  
	   The	   activity	   of	   the	   Ni-­‐based	   catalyst	   in	   the	   various	   reaction	   configurations	  
observed	  in	  this	  study	  is	  expected	  since	  nickel	  is	  known	  as	  both	  a	  hydrocarbon	  cracking	  
and	  reforming	  catalyst185,202	  and	  is	  commonly	  used	  as	  an	  inexpensive	  but	  effective	  metal	  



















4 5 6 7




















8 8 9 10
11
12 13 14
	   136	  
for	  the	  decomposition	  of	  tar	  from	  biomass.214,215	   In	  general,	  however,	  these	  reforming	  
reactions	   occur	   at	   higher	   temperatures,	   with	   one	   study	   showing	   that	   the	   conversion	  
efficiency	   of	   model	   tar	   compounds	   increases	   as	   temperatures	   approach	   1100	   K.216	  
Similarly,	  our	  previous	  study	  has	  also	  showed	  that	  10%	  Ni/ZrO2	  was	  largely	  ineffective	  at	  
promoting	   H2	   production	   during	   cellulose	   pyrolysis	   at	   low	   temperatures	   (≤	   773	   K),	  
resulting	   in	   significant	   tar	   formation.43	   The	   results	   of	   these	   intermediate	   studies	  
therefore	  implies	  that	  the	  inclusion	  of	  Ca(OH)2	  forms	  smaller	  oxygenated	  intermediates	  
in	  the	  range	  of	  C4-­‐C6135	  that	  are	  more	  readily	  reformed	  by	  the	  10%	  Ni/ZrO2	  to	  H2.	  
6.3.4	  Distribution	  of	  Calcium	  Species	  Post	  Reaction	  
	   Previous	  studies	  have	  used	  CaO	  and	  Ca(OH)2	  as	  carbon	  capture	  materials	  during	  
biomass	   conversion,	   in	   order	   to	   enhance	   reactions	   such	   as	   the	   water-­‐gas-­‐shift	   and	  
capture	  CO2.113,114,149	  Furthermore,	  these	  materials	  are	  known	  to	  enhance	  H2	  during	  the	  
gasification	  of	  biomass	  due	  to	  the	  reforming	  of	  large	  oxygenates.115,140,203,204	  Hence,	  it	  is	  
clear	  that	  Eq.	  6.2	  is	  an	  oversimplification	  of	  the	  reaction	  pathway,	  as	  many	  intermediate	  
species	   have	   been	   identified	   in	   the	   current	   study.	   To	   further	   investigate	   this	  
phenomenon,	  a	  series	  of	  solid	  analyses	  are	  performed.	  	  
	   Figure	   6.13	   shows	   that	   when	   Ca(OH)2	   is	   in	   close	   proximity	   to	   the	   Ni-­‐based	  
catalyst,	   CaCO3	   content	   increases,	   as	   in	   cases	   of	   (B)+(H+C)	   and	   (B+H+C).	   Thus	   is	  
understandable	   that	   (B+H)	   and	   (B+H)+(C)	   have	   very	   similar	   levels	   of	   CaCO3,	   since	   the	  
catalyst	   is	   downstream	   of	   the	   Ca(OH)2.	   However,	   in	   the	   cases	   of	   (B+H)+(C)	   and	  
(B)+(H+C),	   although	   their	   H2	   yields	   are	   similar,	   their	   levels	   of	   carbonation	   differ.	   This	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indicates	   that	   the	  actual	   consumption	  of	  Ca(OH)2	   is	  not	  dictated	  by	   the	  amount	  of	  H2	  
produced,	  but	  rather	  the	  amount	  of	  carbonation.	  	  
	   Eq.	  6.2	  underestimates	  of	  the	  H2	  yield	  since	  it	  assumes	  that	  all	  of	  the	  hydrogen	  
contained	   in	   the	  6	  moles	  of	  Ca(OH)2	   is	  converted	  to	  H2	  and	  CaCO3.	  Figure	  6.13	  clearly	  
shows	  that	  in	  non-­‐catalytic	  cases,	  only	  1.5	  moles	  are	  carbonated	  and	  up	  to	  a	  maximum	  
of	   3.2	   moles	   are	   carbonated	   in	   the	   catalytic	   cases.	   This	   means	   that	   the	   remaining	  
species	  are	  still	  active	  calcium	  phases	  of	  CaO	  and	  Ca(OH)2,	  which	  do	  not	  contribute	  H2	  to	  
the	  final	  product,	  hence	  the	  true	  H2	  yield	  is	  higher.	  Furthermore,	  since	  CaO	  can	  be	  easily	  
hydrated	   to	   Ca(OH)2,	   the	   recycling	   of	   both	   CaO	   and	   Ca(OH)2	   for	   a	   subsequent	   ATT	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   In	  order	   to	   further	   improve	   the	  sustainability	  of	   this	  process,	   it	   is	   important	   to	  
discuss	   about	   the	   possible	   sources	   of	   Ca(OH)2.	   The	   ideal	   scenario	   is	   if	   Ca(OH)2	   is	  
produced	  using	  industrial	  wastes,	  in	  which	  case	  the	  produced	  carbonate	  may	  not	  need	  
to	   be	   recycled	   but	   considered	   as	   stored	   carbon.	   The	   storage	   of	   carbon	   derived	   from	  
biomass	   in	  the	  form	  of	  CaCO3	   is	  thermodynamically	  stable	  and	  could	  even	  have	  value-­‐
added	   uses	   such	   as	   paper	   fillers	   and	   construction	   materials.	   If	   recycling	   of	   CaCO3	   is	  
required,	  a	  possibility	  would	  be	   to	   recycle	  back	   to	  Ca(OH)2	  via	  a	   calcination/hydration	  
cycle,	  which	  would	  make	   the	   process	  more	   akin	   to	   a	   chemical	   looping	   process	   or	   via	  
integration	   with	   mineral	   carbonation	   using	   silicate	   minerals.	   However,	   studies	   are	   in	  
progress	  to	  evaluate	  various	  options	  and	  the	  use	  of	  additional	  renewable	  energy	  could	  
be	  employed.	  
6.4	  Conclusions	  
	   This	   study	   has	   found	   that	   Ca(OH)2	   plays	   an	   important	   role	   in	   both	   biomass	  
conversion	  and	  carbon	  capture	  during	  the	  ATT	  reaction.	  It	  has	  been	  demonstrated	  that	  
Ca(OH)2	  can	  be	  mixed	  with	  10%	  Ni/ZrO2	  downstream	  of	  cellulose	  in	  order	  to	  perform	  ex-­‐
situ	   catalysis	   with	   integrated	   carbon	   capture.	   Despite	   the	   lack	   of	   intimate	   contact	  
between	  cellulose	  and	  Ca(OH)2,	  a	  H2	  yield	  of	  36.4%	  is	  achieved	  along	  with	  a	  significant	  
suppression	   in	  CO2	   formation.	  This	   is	  competitive	  with	   the	  “in-­‐situ	  only”	  ATT	  reaction.	  
These	   results	   suggest	   that	   the	   reaction	   configuration	   of	   (B)+(H+C)	   that	  may	   allow	   for	  
better	   separation	   options	   and	   scalability	   without	   sacrificing	   H2	   yield	   or	   CO2	   capture	  
could	  be	  an	  option	  for	  the	  overall	  ATT	  process	  design.	  The	  analysis	  of	  the	  intermediates	  
showed	  that	  linear	  and	  cyclic	  organic	  oxygenates	  are	  primary	  precursors	  to	  H2	  formation	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and	  that	  the	  presence	  of	  Ca(OH)2	  is	  necessary	  to	  produce	  linear	  oxygenates	  that	  can	  be	  
readily	   converted	   to	   H2	   and	   CO2,	   as	   opposed	   to	   ring	   structures	   that	   may	   be	   more	  
difficult	  to	  convert.	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CHAPTER	  7	  
7. Conclusions	  &	  Future	  Work	  
7.1	  Conclusions	  
The	  global	  climate	  is	  shifting	  and	  there	  is	  significant	  effort	  in	  the	  development	  of	  
new	  processes	  that	  are	  CO2	  neutral	  or	  preferably	  CO2	  negative.	  Biomass	  is	  an	  ideal	  feed-­‐
stock	   due	   to	   its	   low	   cost,	   abundance,	   and	   carbon	   neutrality,	   however,	   there	   are	  
significant	  ethical	  and	  practical	  implications	  in	  the	  current	  practice	  of	  converting	  edible	  
biomass	   to	   ethanol	   or	   other	   fuels.	   Conversion	   of	   the	   non-­‐edible	   portion	   of	   biomass	  
would	  be	  a	  welcome	  technology	  since	  this	  type	  of	  biomass	  has	  limited	  uses.	  If	  a	  process	  
could	   convert	   the	   non-­‐edible	   portion	   of	   biomass	   to	   energy	   while	   simultaneously	  
capturing	   CO2,	   the	   process	  would	   have	   significant	   potential	   to	   be	   CO2	   negative.	   	   One	  
such	   reaction	   that	  may	   achieve	   this	   goal	   is	   the	   Alkaline	   Thermal	   Treatment	   reaction,	  
which	   utilizes	   a	   solid	   base	   to	   convert	   biomass	   to	   H2	   at	   moderate	   temperatures	   and	  
ambient	  pressure	  while	  simultaneously	  storing	  the	  carbon	  as	  a	  stable	  carbonate.	  
Previous	   work	   demonstrated	   that	   the	   ATT	   reaction	   could	   successfully	   be	  
performed	  using	  NaOH	  via	  the	  following	  equation.	  
𝐶!𝐻!"𝑂! + 12𝑁𝑎𝑂𝐻 + 𝐻!𝑂 → 12𝐻! + 6𝑁𝑎!𝐶𝑂!	   Eq.	  7.1	  
Reactor	   studies	   on	   the	   conversion	   of	   cellulose	   with	   NaOH	   showed	   that	   this	   reaction	  
scheme	  yielded	  33%	  H2	  at	  773	  K	  based	  on	  the	  stoichiometry	  in	  Eq.	  7.1.	  However,	  due	  to	  
the	  cost	  of	  NaOH	  and	  its	  high	  alkalinity	  (e.g.	  safety	  hazard)	  research	  was	  conducted	  into	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alternate	  hydroxides	  that	  could	  be	  used	  for	  distributed	  energy	  conversion	  applications	  
where	  the	  safety	  requirements	  are	  more	  stringent.	  
Pyrolysis,	   Mg(OH)2,	   and	   Ca(OH)2	   were	   studied	   as	   replacements	   to	   NaOH	   and	  
were	  found	  to	  give	  very	  low	  yields	  of	  H2,	  0%,	  0.4%	  and	  1.2%	  respectively.	  A	  10%	  Ni/ZrO2	  
catalyst	  was	  then	  synthesized	  to	  improve	  the	  H2	  yield	  since	  it	  was	  shown	  to	  promote	  the	  
H2	  yield	  in	  the	  ATT	  reaction	  involving	  NaOH.	  Furthermore,	  Ni	  is	  an	  ideal	  choice	  due	  to	  its	  
proven	  catalytic	  properties	  in	  industry	  and	  low	  cost	  in	  comparison	  to	  noble	  metals.	  
The	   inclusion	   of	   a	   10%	   Ni/ZrO2	   catalyst	   at	   20%	   loading	   in	   the	   ATT	   reaction	  
process	   resulted	   in	   significant	   improvements	   in	   all	   of	   the	   tested	   cases	   of	   Pyrolysis,	  
NaOH,	  Mg(OH)2,	   Ca(OH)2.	   In	   each	   case	   the	   H2	   yield	   increased	   to	   6%,	   66%,	   16%,	   31%	  
respectively.	  Furthermore,	  due	  to	  the	  CO2	  capture	  ability	  of	  Ca(OH)2,	  the	  ratio	  of	  H2/CO2	  
was	  38	  and	  35	  for	  NaOH	  and	  Ca(OH)2	  +	  10%	  Ni/ZrO2	  respectively.	  These	  results	  showed	  
that	   NaOH	   could	   be	   replaced	   by	   a	   mixture	   of	   Ca(OH)2	   and	   10%	   Ni/ZrO2	   while	  
maintaining	   similar	   levels	   of	   H2	   and	   suppressed	   CO2	   formation.	   Mg(OH)2	   was	   not	   as	  
effective	  as	  Ca(OH)2	  and	  therefore	  was	  excluded	  from	  further	  studies.	  	  
Ca(OH)2	   showed	   great	   promise,	   but	   the	   mechanism	   by	   which	   the	   Ni	   -­‐catalyst	  
promoted	   H2	   production	   was	   unknown.	   Since	   both	   reactants	   and	   the	   catalyst	   were	  
solids	   at	   the	   test	   temperatures,	   the	   initial	   hypothesis	   was	   that	   the	   interfacial	   area	  
available	  between	   the	   solid	  materials	  was	   crucial	   in	  enabling	   the	   reaction	   to	  proceed.	  
Consequently,	  a	  10%	  Ni/ZrO2	  catalyst	  may	  not	  have	  been	  the	  best	  choice	  due	  to	  its	  high	  
surface	  area	  (88m2/g).	  It	  was	  hypothesized	  that	  a	  high	  internal	  surface	  area	  would	  trap	  
the	  metal	  inside	  the	  pores	  thus	  rendering	  the	  metal	  unable	  to	  catalyze	  the	  reaction	  that	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is	   dominated	  by	   reactions	  on	   the	  outer	   surface	  of	   the	  particle.	   For	   this	   reason,	   a	   low	  
surface	  area	  (~1m2/g)	  α-­‐Al2O3	  support	  was	  chosen	  to	  replace	  ZrO2.	  	  
In	   the	   second	   study,	   low	   loadings	   catalysts	   of	   Fe,	   Cu,	   Co,	   Pt,	   Pd,	   and	  Ni	  were	  
synthesized	   and	   their	   H2	   production	   activity	   in	   relation	   to	   solid-­‐phase	   and	   gas-­‐phase	  
catalysis	  were	  investigated	  through	  the	  in-­‐situ	  and	  ex-­‐situ	  placement	  of	  the	  catalyst.	  In-­‐
situ	  placement	  of	  the	  catalyst	  in	  the	  cellulose	  and	  Ca(OH)2	  mixture	  resulted	  in	  both	  solid	  
and	  gas-­‐phase	  contact.	  Placing	  the	  catalyst	  ex-­‐situ	  on	  the	  other	  hand	  only	  allowed	  for	  
gas	  phase	  reforming	  to	  take	  place.	  Of	  all	  the	  tested	  metals	  0.48%-­‐Ni/α-­‐Al2O3	  was	  found	  
to	   be	   the	  most	   active	   catalyst	   in	   both	   solid	   and	   gas-­‐phase	   reactions.	   Specifically	   the	  
metals	   showed	   the	   following	   trend	   in	  activity:	  Ni	  >	  Pt,	  Pd	  >	  Co	  >	  Fe,	  Cu.	  Since	  Ni	  was	  
found	  to	  be	  the	  most	  effective	  catalyst	  at	  low	  loadings	  and	  is	  considerably	  cheaper	  than	  
Pt	  or	  Pd,	  all	  the	  subsequent	  experiments	  were	  performed	  with	  Ni.	  	  
When	  a	  high	  10%-­‐Ni/α-­‐Al2O3	  catalyst	  was	  used,	   the	   results	   showed	  a	   relatively	  
small	   increase	   in	   solid	   phase	   reforming	   activity,	   but	   a	   large	   increase	   in	   gas-­‐phase	  
reforming.	   By	   comparing	   the	   conversion	   to	   H2	   between	   two	   identically	   loaded	   10%-­‐
Ni/α-­‐Al2O3	  and	  10%-­‐Ni/ZrO2	  catalysts,	  it	  was	  found	  that	  the	  conversion	  was	  much	  higher	  
for	  the	  latter	  catalyst.	  The	  10%-­‐Ni/ZrO2	  showed	  superior	  gas-­‐phase	  reforming	  ability	  due	  
to	   an	   increased	   metal	   dispersion	   and	   a	   higher	   fraction	   of	   mesopores	   in	   its	   support	  
structure.	   This	   indicated	   that	   the	   reaction	   was	   dominated	   by	   gas-­‐phase	   catalytic	  
reforming	  instead	  of	  solid-­‐phase	  catalysis	  as	  previously	  hypothesized.	  
The	  second	  study	   indicated	  that	  using	  a	   low	  surface	  area	  support	  (e.g.	  α-­‐Al2O3)	  
was	   not	   ideal	   because	   the	   conversion	   to	   H2	   was	   dominated	   by	   a	   gas-­‐phase	   catalytic	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reforming	   step.	   Typical	   gaseous	   pathways	   such	   as	   the	   water-­‐gas	   shift	   and	   steam	  
methane	  reforming	  were	  ruled	  out	  due	  to	  relatively	  stable	  CO	  and	  CH4	  formation	  rates.	  
Furthermore,	   there	   was	   strong	   evidence	   to	   suggest	   that	   this	   reaction	   pathway	   could	  
only	  proceed	  in	  the	  presence	  of	  Ca(OH)2.	  Excluding	  Ca(OH)2	  not	  only	  removed	  the	  CO2	  
sorbent	  but	  also	  reduced	  H2	  production	  from	  49%	  to	  6%.	  These	  results	  implied	  that	  both	  
Ca(OH)2	  and	  a	  Ni-­‐based	  catalyst	  were	  necessary	  to	  enhance	  H2	  production.	  
In	   the	  ATT	  of	  cellulose	  with	  Ca(OH)2,	   little	  was	  known	  about	   the	   intermediates	  
and	  there	  were	  concerns	  about	  the	  practical	  challenges	  of	  achieving	  such	  a	  contacting	  
scheme	  on	  a	   large	  scale.	  Firstly,	  mixing	   large	  quantities	  of	  solids	   is	  challenging	  at	   large	  
scales	   and	  would	   limit	   the	   type	  of	   reactor	   that	   can	  be	  used.	   Secondly,	   the	   separation	  
and	  recycling	  of	  materials	  is	  difficult	  post-­‐reaction.	  Lastly,	  the	  presence	  of	  powdered	  Ni	  
metal	   in	   the	   mixture	   is	   an	   environmental	   and	   safety	   hazard.	   To	   avoid	   these	   issues	  
entirely,	  a	  study	  was	  carried	  out	  to	  determine	  feasibility	  of	  	  performing	  the	  ATT	  reaction	  
when	  Ca(OH)2	  and	  Ni	  were	  not	  mixed	  with	  cellulose.	  
Although	  the	  second	  study	  showed	  that	  ex-­‐situ	  placement	  of	  the	  Ni	  catalyst	  was	  
effective	  at	  promoting	  H2,	  the	  amount	  of	  CO2	  produced	  was	  significant	  because	  it	  could	  
not	  be	  captured	  by	  Ca(OH)2.	  In	  the	  third	  study,	  Ca(OH)2	  was	  intimately	  mixed	  with	  10%	  
Ni/ZrO2	  and	   the	  mixture	  was	  placed	  downstream	  of	  cellulose.	  This	  created	  a	  one-­‐step	  
conversion	  process	  whereby	  cellulose	  pyrolysis	  vapors	  could	  be	  converted	  to	  H2	  through	  
the	  catalytic	  bed,	  while	  simultaneously	  capturing	  CO2.	  This	  reaction	  scheme	  resulted	  in	  a	  
conversion	  to	  H2	  of	  36%.	  Furthermore	  CO2	  was	  suppressed	  to	  the	  same	  level	  as	  in	  the	  in-­‐
situ	  case	  (all	  mixed)	  thereby	  demonstrating	  the	  reaction’s	  feasibility.	  The	  implications	  of	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this	   result	   were	   significant	   since	   it	   indicated	   that	   Ca(OH)2	   has	   gas-­‐phase	   reforming	  
properties.	  
Analysis	  of	  the	  intermediates	  species	  indicated	  oxygenated	  hydrocarbons	  (C2-­‐C6)	  
produced	  during	  the	  pyrolysis	  of	  cellulose	  were	  being	  reformed	  over	  the	  Ni	  catalyst	  to	  
H2	  and	  CO2.	  Although	  dozens	  of	  compounds	  were	  identified,	  the	  most	  prominent	  were	  
butaone,	   pentanone,	   cyclopentanone,	   levoglucosan,	   and	   levoglucosenone.	   Depending	  
on	  the	  contact	  scheme	  between	  Ca(OH)2	  and	  cellulose,	  these	  intermediates	  fell	  into	  two	  
distinct	   categories:	   linear	   and	   cyclic.	   Mixing	   cellulose	   and	   Ca(OH)2	   preferentially	  
produced	  linear	  oxygenates	  while	  separating	  them	  produced	  more	  cyclic	  compounds.	  Ni	  
was	   highly	   effective	   at	   reforming	   linear	   oxygenates	   but	   was	   not	   as	   effective	   as	  
converting	   cyclic	   compounds.	   This	   difference	   was	   suspected	   to	   be	   the	   cause	   for	   the	  
slightly	  lower	  conversion	  to	  H2	  when	  separating	  Ca(OH)2	  and	  cellulose,	  in	  comparison	  to	  
mixing	  them.	  
Overall	  the	  findings	  in	  this	  thesis	  show	  that	  Ca(OH)2	  is	  an	  active	  compound	  in	  the	  
Alkaline	  Thermal	  Treatment	  of	  cellulose	  and	  an	  adequate	   replacement	   to	  NaOH	  when	  
combined	  with	  a	  Ni	  catalyst.	  However,	   this	  activity	   is	  not	   in	   relation	  to	  H2	  production,	  
but	  rather	  the	  formation	  of	  linear	  and	  cyclic	  oxygenated	  intermediates	  that	  can	  readily	  
be	   converted	   to	   H2	   by	   a	   Ni	   catalyst.	   Depending	   on	   the	   contacting	   scheme	   between	  
cellulose	  and	  Ca(OH)2	  different	  intermediates	  are	  formed,	  which	  are	  then	  converted	  to	  
H2	  over	  the	  Ni	  catalyst.	  The	  mechanisms	  by	  which	  these	  intermediates	  are	  formed	  and	  
converted	  to	  H2	  are	  unknown,	  but	  several	  studies	  are	  suggested	  in	  the	  following	  section.	  
	   145	  
7.2	  Future	  Work	  
	   This	   thesis	  has	   successfully	  demonstrated	   that	  H2	   can	  be	  produced	  via	   a	  novel	  
Alkaline	   Thermal	   Treatment	   reaction	   with	   both	   NaOH	   and	   Ca(OH)2.	   Particularly,	   the	  
pathway	   of	   H2	   production	   with	   Ca(OH)2	   has	   been	   explored	   and	   new	   and	   exciting	  
challenges	   have	   been	   identified.	   There	   is	   a	   significant	   opportunity	   to	   improve	   and	  
expand	  on	   the	   current	   research,	  which	   can	  broadly	   be	  broken	  down	   into	  mechanistic	  
and	  catalytic	  studies.	  
7.2.1	  Determination	  of	  Mechanisms	  –	  Effect	  of	  Ca(OH)2	  
From	  Chapters	  4,	  5,	  and	  6,	  it	  is	  clear	  that	  Ca(OH)2	  behaves	  as	  a	  CO2	  sorbent	  while	  
simultaneously	  enhancing	  the	  ATT	  reaction	  through	  the	  production	  of,	  and	   interaction	  
with	   the	   intermediate	   species.	   Cellulose	   degradation	   studies	   have	   shown	   that	   the	  
presence	   aqueous	   Ca(OH)2	   can	   cleave	   the	   C-­‐O	   bonds	   present	   in	   biomass	   through	  
hydrolysis.123,136,137	   However,	   in	   the	   case	   of	   the	   ATT	   and	  GATT	   reaction,	   Ca(OH)2	   only	  
exists	  as	  a	   solid.	  While	   literature	  provides	  some	  groundwork,	   it	   is	  difficult	   to	  compare	  
these	  two	  systems	  since	  they	  occur	  in	  different	  phases.	  It	  is	  important	  to	  determine	  the	  
mechanism	  with	  Ca(OH)2	  in	  its	  solid	  form.	  
The	   ATT	   reaction	   takes	   place	   at	   773	   K,	   which	   is	   above	   the	   decomposition	  
temperature	  of	  Ca(OH)2.	  While	  the	  presence	  of	  steam	  may	  prevent	  full	  dehydroxylation	  
it	   is	   possible	   that	   the	   structure	   of	   Ca(OH)2	   changes	   during	   the	   reaction.	   Structural	  
changes	  have	  been	  observed	  in	  similar	  hydroxides	  such	  as	  Mg(OH)2,	  where	  it	  was	  shown	  
that	   carbonation	   occurs	   via	   two	   steps:	   dehydroxylation	   followed	   by	   carbonation.	   At	  
elevated	   temperatures	   the	   process	   of	   dehydroxylation	   creates	   intermediate	   porous	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structures	   that	   facilitate	   carbonation	   via	   increased	   surface	   area.217	   Since	   the	   ATT	  
reaction	   occurs	   at	   a	   temperatures	   above	   the	   dehydroxylation	   point	   of	   Ca(OH)2,	   it	   is	  
possible	   a	   intermediate	   structure	   of	   CaO/Ca(OH)2	   exists.	   Both	   CaO146,148,218	   and	  
Ca(OH)2142,218	   have	   shown	   to	   be	   effective	   for	   tar	   reforming	   therefore	   either	   of	   them	  
could	  contribute	  to	  the	  observed	  effects	  during	  the	  ATT	  reaction.	  
Alternatively	  the	  aqueous	  mechanisms	  proposed	  in	  literature	  may	  be	  applicable	  
to	  the	  ATT	  reaction.	  The	  presence	  of	  hydroxide	  in	  the	  solid	  form	  may	  still	  be	  effective	  at	  
performing	  hydrolysis	   through	  the	  physisorption	  of	   intermediates	  to	  surface	  sites.	  The	  
presence	   of	   steam	   during	   the	   ATT	   reaction	   may	   also	   solubilize	   Ca(OH)2	   during	   the	  
reaction	  thus	  facilitating	  the	  hydrolysis	  reaction.	  The	  precise	  mechanism	  is	  not	  clear,	  but	  
future	  work	  should	  focus	  on	  understanding	  these	  fundamental	  interactions.	  
(i)	  Recommended	  Studies	  
Fundamental	  studies	  on	  cellulose	  degradation	  are	  difficult	  to	  perform	  since	  a	   large	  
array	  of	  products	  are	  produced	  during	  the	  ATT	  reaction	  with	  Ca(OH)2.	  Our	  studies	  have	  
identified	  butaone,	  pentanone,	  cyclopentanone,	   levoglucosan,	  and	   levoglucosenone	  as	  
the	  major	  intermediates	  present	  during	  the	  ATT	  reaction.	  Since	  they	  are	  small	  molecules	  
relative	   to	   cellulose,	   understanding	   their	   degradation	   mechanism	   should	   be	   more	  
achievable.	   Below	   is	   an	   overview	   of	   some	   recommended	   experiments	   and	   analysis	  
techniques.	  
I. 	  Conversion	  Properties	  of	  Ca(OH)2	  
a. Test	   Ca(OH)2	   and	   its	   ability	   to	   reform	   butaone,	   pentanone,	  
cyclopentanone,	  levoglucosan,	  and	  levoglucosenone.	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b. Potential	  Analytical	  Tools	  
i. Microreactor	  –	  Perform	  thermochemical	  conversions	  
ii. micro-­‐GC	  3000	  –	  Obtain	  real-­‐time	  data	  on	  gas	  formation	  
iii. Agilent	  GCMS	  7890A/5975C	  –	  Identify	  condensable	  intermediates	  
iv. BET	  Analysis	  –	  Observe	  changes	  in	  active	  surface	  area	  
v. XRD	  –	  Determine	  the	  amount	  of	  CaO/Ca(OH)2/CaCO3	  
vi. Carbon	  Analysis	  –	  Determine	  the	  amount	  of	  CaO/Ca(OH)2/CaCO3	  
II. Conversion	  Properties	  of	  CaO	  
a. Test	  CaO	  and	   its	  ability	  to	  reform	  butaone,	  pentanone,	  cyclopentanone,	  
levoglucosan,	  and	  levoglucosenone.	  	  
b. Required	  Equipment	  
i. Microreactor	  –	  Perform	  thermochemical	  conversions	  
ii. micro-­‐GC	  3000	  –	  Obtain	  real-­‐time	  data	  on	  gas	  formation	  
iii. Agilent	  GCMS	  7890A/5975C	  –	  Identify	  condensable	  intermediates	  
iv. BET	  Analysis	  –	  Observe	  changes	  in	  active	  surface	  area	  
v. XRD	  –	  Determine	  the	  amount	  of	  CaO/Ca(OH)2/CaCO3	  
vi. Carbon	  Analysis	  –	  Determine	  the	  amount	  of	  CaO/Ca(OH)2/CaCO3	  
III. Intermediates	  from	  Cellobiose	  or	  Cellotriose	  with	  Ca(OH)2	  
a. Test	  Ca(OH)2	  and	  its	  ability	  to	  convert	  cellobiose	  or	  cellotriose	  	  
b. Potential	  Analytical	  Tools	  
i. Microreactor	  –	  Perform	  thermochemical	  conversions	  
ii. micro-­‐GC	  3000	  –	  Obtain	  real-­‐time	  data	  on	  gas	  formation	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iii. Agilent	  GCMS	  7890A/5975C	  –	  Identify	  condensable	  intermediates	  
iv. BET	  Analysis	  –	  Observe	  changes	  in	  active	  surface	  area	  
v. XRD	  –	  Determine	  the	  amount	  of	  CaO/Ca(OH)2/CaCO3	  
vi. Carbon	  Analysis	  –	  Determine	  the	  amount	  of	  CaO/Ca(OH)2/CaCO3	  
Experiments	   I	   and	   II	   should	   give	   a	   strong	   understanding	   regarding	   the	  
interactions	  of	  the	  intermediates	  with	  CaO	  and	  Ca(OH)2.	  Studying	  both	  CaO	  and	  Ca(OH)2	  
will	   allow	   us	   to	   determine	   which	   species	   is	   the	   active	   compound.	   It	   may	   also	   be	  
interesting	   to	  understand	  how	   the	  physical	   structure	  of	   the	  material	  plays	  a	   role.	  BET	  
and	  TEM	  should	  give	  some	  indication,	  but	  investigation	  into	  highly	  structured	  materials	  
such	  as	  zeolites	  may	  be	  warranted	  .	  Experiment	  III	  aims	  to	  extend	  the	  results	  of	  I	  and	  II	  
to	  cellulose.	  Cellobiose	  and	  cellotriose	  are	  more	  representative	  analogues	  to	  cellulose,	  
however	   these	   experiments	   should	   not	   be	   performed	   until	   there	   is	   a	   solid	  
understanding	  of	  the	  conversion	  mechanism	  of	  the	  intermediates.	  	  
7.2.2	  Determination	  of	  Mechanisms	  –	  Catalytic	  Mechanism	  
The	   use	   of	   Ni	   as	   a	   reforming	   catalyst	   is	   well	   known	   and	   there	   is	   extensive	  
literature	  available	  on	  the	  catalytic	  conversion	  of	  oxygenates	  to	  light	  gases	  (H2,	  CO,	  and	  
CH4).56,219-­‐222	   Some	   studies	   have	   also	   investigated	   the	   catalytic	   conversion	   of	   bio-­‐oils	  
containing	   compounds	   identified	   in	   our	   intermediate	   study,	   such	   as	   butanone223	   and	  
cyclopentanone224.	  Yet,	  no	  studies	  currently	  exist	   that	  aim	  to	  couple	   in-­‐depth	  catalytic	  
studies	  with	  the	  ATT	  or	  GATT	  reaction.	  It	  is	  imperative	  to	  understand	  how	  the	  Ni	  catalyst	  
behaves	  under	  these	  conditions	  when	  used	  in	  conjunction	  with	  a	  solid	  base.	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The	   main	   compounds	   of	   interest	   are	   butaone,	   pentanone,	   cyclopentanone,	  
levoglucosan,	  and	  levoglucosenone;	  the	  latter	  three	  are	  cyclic	  compounds	  while	  the	  first	  
two	  and	  linear.	  Results	  from	  the	  third	  study	  suggested	  that	  the	  10%	  Ni/ZrO2	  catalyst	  was	  
not	  as	  effective	  at	   reforming	  cyclic	   in	   comparison	   to	   linear	  compounds.	  This	   finding	   is	  
supported	   by	   Xu	   et	   al.	   that	   found	   that	   during	   the	   catalytic	   steam	   reforming	   of	  
oxygenates	   with	   a	   Ni/MgO	   catalyst,	   the	   highest	   yields	   of	   H2	   were	   from	   acetic	   acid,	  
ethylene	   glycol	   and	   butanone,	   while	   the	   lowest	   yields	   were	   from	   furfural	   and	   m-­‐
cresol.223	   It	   is	   important	   to	   understand	   how	   the	   Ni-­‐based	   catalyst	   interacts	   with	  
different	  structures,	  so	  that	  improvements	  can	  be	  made.	  	  
Similarly,	  the	  third	  study	  found	  that	  levoglucosan	  could	  be	  completely	  eliminated	  by	  
10%	  Ni/ZrO2,	  while	   levoglucosenone	   remained	   relatively	   unaffected.	   This	   is	   a	   peculiar	  
finding	  since	  both	  of	  these	  compounds	  have	  similar	  structures;	  hence	  one	  would	  expect	  
their	   conversions	   to	  be	   similar.	   There	   are	   two	  possible	   causes	   for	   this	   finding:	   (1)	   the	  
compound	   identified	   as	   levoglucosan	   may	   actually	   be	   3-­‐deoxyglucosone	   (linear	  
levoglucosan),	   (2)	   the	   slight	   structural	   difference	   in	   the	   compounds	   affected	   the	  
catalytic	   conversion.	   Performing	   catalytic	   conversion	   experiments	   with	   these	   two	  
compounds	  would	  provide	  useful	  insight	  into	  the	  mechanism	  over	  Ni.	  
(i)	  Recommended	  Studies	  
I. Conversion	  of	  Butanone,	  Pentanone,	  Cyclobutanone	  and	  Cyclopentanone	  
a. Investigate	  the	  conversion	  of	  these	  compounds	  over	  10%	  Ni/ZrO2	  in	  
order	  to	  determine	  whether	  cyclic	  structure	  affect	  conversion.	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b. Add	  Ca(OH)2	  both	  in-­‐situ	  and	  ex-­‐situ	  to	  determine	  if	  the	  presence	  of	  the	  
solid	  base	  aids	  in	  ring	  cleavage.	  
c. Potential	  Analytical	  Tools	  
i. Microreactor	  –	  Perform	  thermochemical	  conversions	  
ii. micro-­‐GC	  3000	  –	  Obtain	  real-­‐time	  data	  on	  gas	  formation	  
iii. Agilent	  GCMS	  7890A/5975C	  –	  Identify	  condensable	  intermediates	  
iv. BET	  Analysis	  –	  Observe	  changes	  in	  active	  surface	  area	  
v. Carbon	  Analysis	  –	  Determine	  the	  amount	  of	  CaO/Ca(OH)2/CaCO3	  
vi. TGA	  –	  Determine	  the	  amount	  of	  coke	  on	  the	  catalyst	  surface	  
II. Conversion	  of	  Levoglucosan	  and	  Levoglucosenone	  
a. Investigate	  the	  conversion	  of	  these	  compounds	  over	  10%	  Ni/ZrO2	  in	  
order	  to	  determine	  whether	  the	  catalyst	  is	  sensitive	  to	  slight	  changes	  in	  
the	  ring	  structure	  
b. Add	  Ca(OH)2	  both	  in-­‐situ	  and	  ex-­‐situ	  to	  determine	  if	  the	  presence	  of	  the	  
solid	  base	  aids	  in	  ring	  cleavage.	  
c. Potential	  Analytical	  Tools	  
i. Microreactor	  –	  Perform	  thermochemical	  conversions	  
ii. micro-­‐GC	  3000	  –	  Obtain	  real-­‐time	  data	  on	  gas	  formation	  
iii. Agilent	  GCMS	  7890A/5975C	  –	  Identify	  condensable	  intermediates	  
iv. BET	  Analysis	  –	  Observe	  changes	  in	  active	  surface	  area	  
v. Carbon	  Analysis	  –	  Determine	  the	  amount	  of	  CaO/Ca(OH)2/CaCO3	  
vi. TGA	  –	  Determine	  the	  amount	  of	  coke	  on	  the	  catalyst	  surface	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7.2.3	  Catalyst	  Improvement	  
Understanding	   the	   catalytic	   mechanism	   is	   important	   in	   order	   to	   drive	  
improvements	   in	   the	   catalyst.	   There	   are	   however	   simple	   steps	   that	   can	   be	   taken	   in	  
order	   to	   improve	   the	   catalyst	   in	   the	   short	   term.	   Catalyst	   synthesis	   requires	   extensive	  
expertise	   and	   there	   are	   professional	   companies	   dedicated	   to	   producing	   high	   quality	  
catalytic	   products.	   Consistency	   between	   catalyst	   batches	   will	   provide	   accurate	   and	  
reliable	  results,	  while	  improving	  overall	  productivity.	  For	  generic	  a	  generic	  catalyst	  such	  
as	  10%	  Ni/ZrO2	  it	  would	  be	  beneficial	  to	  source	  it	  from	  a	  manufacturer.	  While	  this	  may	  
be	  slightly	  more	  expensive,	  their	  catalysts	  will	  be	  significantly	  more	  reliable.	  
(i)	  Dispersion	  
A	   Ni/ZrO2	   catalyst	   is	   one	   of	   the	   simplest	   catalysts	   that	   can	   be	   used	   for	   this	  
process,	  but	  its	  high	  activity	  and	  low	  cost	  make	  it	  very	  attractive.	  Even	  though	  Ni/ZrO2	  
has	   been	   studied	   in	   this	   thesis	   there	   is	   still	   considerable	   room	   for	   improvement.	  
Catalytic	   performance	   depends	   on	   several	   factors	   including,	   mass	   &	   heat	   transfer	  
limitations,	  deactivation	  mechanisms,	  and	  the	  amount	  of	  exposed	  metal.	  The	  dispersion	  
of	   the	   10%	   Ni/ZrO2	   can	   be	   greatly	   improved	   as	   the	   current	   value	   based	   on	   CO	  
chemisorption	   values	   is	   less	   than	   5%.	   Increasing	   the	   metal	   dispersion	   may	   improve	  
catalytic	  activity	  and	  allow	  for	  lower	  Ni	  loadings.	  Once	  dispersion	  is	  maximized	  and	  the	  
correct	  metal	  loading	  is	  identified,	  alternate	  supports	  should	  be	  considered.	  	  
(ii)	  Support	  Structure:	  CeO2	  
Although	   CeO2	   has	   been	   investigated	   in	   this	   thesis	   and	   did	   not	   show	   any	  
improvement	  over	  ZrO2,	  it	  is	  worth	  revisiting	  once	  dispersion	  is	  maximized.	  Obtaining	  a	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catalyst	  from	  a	  manufacturer	  would	  be	  beneficial	  in	  this	  case	  since	  they	  have	  significant	  
expertise	   in	  maximizing	   the	  metal	   dispersion	   for	  many	   supports.	   Studies	   have	   shown	  
that	   due	   to	   CeO2’s	   oxygen	   storage	   capacity101,	   it	   is	   effective	   in	   the	   deoxygenation	   of	  
biomass	  derivatives.102-­‐104	  This	  possibility	  must	  be	  eliminated	  before	  moving	  away	  from	  
CeO2	   as	   a	   support.	   It	   may	   be	   the	   case	   that	   the	   conversion	   of	   cellulose	   causes	   rapid	  
deactivation	   of	   the	   CeO2	   catalyst,	   therefore	   investigation	   of	   some	   of	   the	  
aforementioned	  intermediates	  would	  be	  a	  more	  ideal	  place	  to	  begin.	  
(iii)	  Support	  Structure:	  Zeolites	  
Zeolites	  are	  aluminosilicate	  minerals	  comprised	  of	  SiO4	  and	  AlO4	  tetrahedra.	  The	  
alumina	  and	  silica	  structures	  are	  linked	  via	  a	  common	  oxygen	  atom	  thus	  creating	  a	  three	  
dimensional	  mineral	  structure	  with	  base	  units	  SiO2	  and	  AlO!!.	  The	  structure	  of	  zeolites	  
can	   be	   altered	   to	   create	   uniquely	   shaped	   pores	   inside	   the	   mineral	   structure.	   These	  
pores	   then	   exhibit	   varying	   levels	   of	   catalytic	   activity	   depending	   on	   the	   application.225	  
The	  Si/Al	  ratio	  can	  also	  be	  changed	  to	  alter	  the	  acidity	  of	  the	  zeolite.	  A	  lower	  the	  Si/Al	  
ratio	   results	   in	   a	   higher	   amount	   negative	   charges	   from	   the	  AlO!!	  unit,	   which	   is	   then	  
neutralized	  by	  protons,	  creating	  Bronsted	  acid	  sites.226	  Basic	  sites	  can	  also	  be	  present	  in	  
zeolites	  either	  through	  the	  structural	  oxygen,	  or	  the	  additional	  of	  basic	  dopants	  such	  as	  
CaO.227	  
One	   of	   the	  most	   famous	   applications	   of	   the	  materials	  was	   the	   introduction	   of	  
Faujisite	   zeolites	   to	   the	   fluid	   catalytic	   cracking	  processes	   in	   the	  petroleum	   industry	   in	  
1962,	  resulting	   in	  billions	  of	  dollars	   in	  savings	  through	  improved	  efficiency.226	  This	  was	  
due	   to	   the	   fact	   that	   zeolites	   perform	   catalytic	   cracking	   at	   temperatures	   several	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hundreds	  of	  degrees	  lower	  than	  steam	  reforming	  reactions.228	  In	  relation	  to	  pyrolysis,	  it	  
has	   been	   found	   that	   acidic	   zeolites	   are	   effective	   at	   deoxygenating	   bio-­‐oils.	   Several	  
authors	  have	  investigated	  various	  zeolite	  structures	  (ferrierite,	  mordenite,	  Y,	  ZSM-­‐5,	  and	  
Beta)	   at	   varying	   SiO2/Al2O3,	   and	   found	   that	   ZSM-­‐5	   was	   the	   most	   active	   catalyst	   at	  
reforming	   oxygenated	   pyrolysis	   vapors	   to	   linear	   and	   aromatic	   hydrocarbons	   at	  
temperature	   ranges	   between	   573	   K	   –	   673	   K.	   This	   result	   was	   found	   to	   be	   the	   case	  
regardless	  of	  the	  biomass	  feed-­‐stock	  used.57,229-­‐234	  	  
These	  upgraded	  linear	  alkanes	  and	  aromatics	  are	  formed	  via	  the	  deoxygenation	  
and	  catalytic	  cracking	  of	  cyclic	  oxygenates	  over	  the	  zeolite	  to	  form	  small	  chain	  olefins.	  
These	   olefins	   then	   undergo	   polymerization	   to	   form	   long	   chain	   hydrocarbons	   or	  
aromatics.235,236	   Work	   on	   model	   compounds	   1-­‐butene	   and	   2-­‐methylpropene	   has	  
confirmed	  that	  ZSM-­‐5	  can	  successfully	  convert	  these	  olefins	  to	  aromatic	  compounds.237	  
Zeolite	   acidity	   is	   also	   thought	   to	   play	   a	   significant	   role	   since	   theoretically	   a	   higher	  
concentration	   of	   acids	   has	   the	   potential	   to	   promote	   catalytic	   cracking,	   reduce	   the	  
oxygen	  content	  of	  the	  product,	  and	  promote	  aromatics	  compounds.	  However,	  they	  are	  
unstable	   due	   to	   their	   high	   acidity	   and	   are	   prone	   to	   hydrolysis,	   thus	   leading	   to	  
deactivation.	  229,238	  
Work	   on	   converting	   cellulose	   and	   its	   derivatives	   has	   also	   been	   performed.	  
Carlson	  et	  al.	  tested	  the	  activity	  of	  several	  zeolites	  (ZSM-­‐5,	  Silicalite,	  Beta,	  Y,	  and	  Silica-­‐
Alumina)	  at	  converting	  numerous	  model	  compounds	  (glucose,	  cellobiose,	  and	  cellulose)	  
and	   found	   that	   regardless	   of	   the	   feed-­‐stock	   ZSM-­‐5	   was	   the	   most	   active,	   and	   gave	   a	  
consistent	  distribution	  of	  aromatic	  species,	  with	  selectivity	  for	  naphthalene	  of	  over	  40%.	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At	   lower	   zeolite	   loadings,	   a	   greater	   proportion	   of	   oxygenates	   were	   found,	   thus	  
indicating	  the	  reforming	  capability	  of	  ZSM-­‐5.230	  
Zeolites	   have	   also	   been	   used	   to	   remove	   tars	   produced	   during	   the	   gasification	  
process.	  Temperatures	  in	  excess	  of	  1173	  K	  are	  usually	  required	  in	  order	  to	  significantly	  
prevent	   tar	   formation,	   reduce	   the	   concentration	   of	   oxygenates,	   and	   promote	  
hydrocarbon	   formation.239	  However,	  Corella	  et	   al.	   found	   that	   the	  use	  of	   zeolite	  CBZ-­‐1	  
reduced	   the	   concentration	   of	   tar	   by	   20%	   and	   60%	   at	   1023	   K240	   and	   1073	   K	  
respectively.241	  However,	  even	  at	  high	  temperatures	  coke	  formation	  during	  the	  catalytic	  
cracking	  of	  tar	  severely	  impacts	  the	  activity	  of	  the	  zeolite.242	  
Overall,	  literature	  seems	  to	  suggest	  that	  zeolites	  in	  their	  unmodified	  form	  are	  
effective	  at	  improving	  the	  quality	  of	  bio-­‐oils,	  yet	  are	  not	  typically	  used	  to	  promote	  
gaseous	  production.	  Hence,	  research	  into	  the	  effect	  of	  ZSM-­‐5	  and	  other	  zeolites	  on	  the	  
ATT	  reaction	  should	  be	  conducted.	  
(iv)	  Metal	  Alloys	  
Improving	   catalyst	   synthesis	   and	   investigating	   alternate	   supports	   should	  
hopefully	   result	   in	   an	   improvement	   of	   H2	   yield	   from	   cellulose	   and	   its	   intermediates.	  
Changing	  the	  metal	  may	  also	  prove	  beneficial,	  but	  the	  potential	  of	  Ni	  is	  so	  high	  that	  only	  
Ni	  alloys	  shall	  be	  discussed	  here.	  There	  is	  a	  considerable	  amount	  of	  work	  to	  be	  done	  on	  
Ni	  before	  changing	  the	  metal	  should	  be	  considered.	  
Fe	   has	   shown	   interesting	   properties	   in	  minimizing	   the	   formation	   of	   tar	   during	  
gasification.	   Several	   authors	   have	   reported	   that	   the	   addition	   of	   iron	   during	   elevated	  
temperature	   (973	   K	   to	   1173	   K)	   gasification	   processes	   can	   promote	   tar	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destruction.239,243,244	   Iron	   and	   its	   oxides	   are	   also	   effective	   at	   promoting	   the	   low	   (573	  
K)245	  and	  high	  (723	  K)246	  temperature	  WGS	  reaction.	  However,	  Fe	  is	  not	  as	  effective	  as	  Ni	  
in	  the	  ATT	  reaction	  as	  shown	  in	  Chapter	  5.	  However,	  due	  to	  the	  extensive	  literature	  on	  
Fe’s	   ability	   to	   promote	   the	  WGS	   and	   aid	   in	   tar	   reduction,	   alloys	   of	   Ni-­‐Fe	   have	   been	  
studied.	   Such	   catalysts	   have	   shown	   enhanced	   resistance	   to	   coke	   formation,	   and	  
increased	   tar	   destruction.247,248	  Other	   variations	  of	  Ni-­‐Fe	   allows	  have	   also	   shown	  high	  
activity	   in	   promoting	   the	   dry	   reforming	   and	   steam	   reforming	   reactions	   to	   generate	  
syngas	  from	  tar.249,250	  	  
Ni	  exhibits	  a	  much	  higher	  reforming	  activity	  than	  Fe	  due	  to	  its	  ability	  to	  break	  C-­‐H	  
and	  C-­‐C	  bonds	  in	  hydrocarbons.	  However,	  it	  is	  suggested	  that	  the	  presence	  of	  Fe	  in	  the	  
Ni-­‐Fe	  alloy	  catalyst	  improves	  the	  oxygen	  binding	  of	  the	  catalyst	  thus	  making	  oxygen	  
available	  during	  the	  catalytic	  cracking	  of	  tar	  over	  Ni.250	  This	  theory	  is	  analogous	  to	  the	  
effect	  of	  CeO2	  supports.	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APPENDIX	  A	  –	  Life-­‐cycle	  Analysis	  
Due	  to	  the	  carbon	  neutrality	  of	  biomass,	  there	  is	  significant	  potential	  to	  develop	  
a	   CO2-­‐negative	   process	   by	   incorporating	   a	   CO2	   sorbent.	   In	   this	   section	   a	   comparison	  
between	  the	  energetic	  efficiency	  and	  overall	  CO2	  capture	  potential	  of	  combustion	  and	  
the	  Alkaline	  Thermal	  Treatment	  reaction	  is	  explored.	  In	  the	  case	  of	  combustion	  Ca(OH)2	  
is	  used	  purely	  as	  a	  CO2	  sorbent,	  whereas	  in	  the	  ATT	  reaction	  Ca(OH)2	  is	  an	  integral	  part	  
of	   the	   reaction	  mechanism.	   Figure	  A.1	   graphically	   shows	   the	   system	  boundary	   that	   is	  
being	   drawn	   around	   the	   system	   for	   the	   purpose	   of	   this	   calculation.	   Performing	   this	  
analysis	   requires	  several	  assumptions,	  which	  are	  detailed	  below	  as	  well	  as	   throughout	  
the	  text.	  
Assumptions	  for	  the	  Alkaline	  Thermal	  Treatment	  Reaction	  
1. Ca(OH)2	  production	  occurs	  outside	  of	  the	  system	  boundary	  hence	  there	  is	  no	  CO2	  
or	  energy	  penalty	  
2. Energy	  is	  only	  lost	  as	  heat	  
3. Heat	  generated	  from	  carbonation	  can	  be	  utilized	  
4. Heat	  is	  assumed	  to	  be	  converted	  to	  electricity	  at	  typical	  plant	  efficiencies	  –	  34%	  
5. Efficiency	  of	  natural	  gas	  heating	  is	  assumed	  to	  be	  100%	  (full	  conversion	  to	  CO2)	  
6. Calculation	  of	  net	  energy	  production	  does	  not	  distinguish	  between	  electrical	  and	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Assumptions	  for	  the	  Alkaline	  Thermal	  Treatment	  Reaction	  
1. Ca(OH)2	  production	  occurs	  outside	  of	  the	  system	  boundary	  hence	  there	  is	  no	  CO2	  
or	  energy	  penalty.	  
2. Energy	  is	  only	  lost	  as	  heat	  
3. Waste	  heat	  generated	  by	  the	  AFC	  can	  be	  used	  to	  heat	  the	  ATT	  reaction	  
4. AFC	  efficiency	  is	  assumed	  from	  industrially	  available	  units	  
5. Efficiency	  of	  natural	  gas	  heating	  is	  assumed	  to	  be	  100%	  (full	  conversion	  to	  CO2)	  
6. Calculation	  of	  net	  energy	  production	  does	  not	  distinguish	  between	  electrical	  and	  
thermal	   energy	   –	   thermal	   energy	   utilized	   can	   be	   subtracted	   from	   electrical	  
energy	  produced	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Figure	  A.1:	  Diagram	  of	  the	  System	  Boundary	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A.1	  The	  System	  Boundary	  
In	  order	  to	  conduct	  a	  meaningful	   life-­‐cycle	  analysis	  a	  system	  boundary	  must	  be	  
drawn	  around	   the	  system.	  From	  Figure	  A.1	   two	   inputs	  are	   illustrated	   into	   the	  system:	  
biomass	   and	   Ca(OH)2.	   In	   the	   case	   of	   biomass,	   in	   real-­‐world	   applications	   there	   is	   an	  
energetic	  cost	  associated	  with	  collecting	  and	  transporting	  the	  biomass	  from	  the	  source	  
to	  the	  processing	  facility.	  However,	  for	  the	  purposes	  of	  this	  LCA	  it	   is	  assumed	  that	  the	  
type	  of	  biomass	  used	  in	  the	  case	  of	  combustion	  and	  the	  ATT	  reactions	  is	  the	  same.	  Any	  
energetic	   penalty	   between	   both	   cases	   will	   be	   the	   same,	   thus	   it	   is	   not	   necessary	   to	  
incorporate	  this	  calculation	   into	  the	  system	  boundary.	   It	  should	  also	  be	  noted	  that	  for	  
simplicity,	  biomass	  is	  being	  modeled	  as	  the	  cellulose	  monomer	  C6H10O5.	  
The	  other	  input	  into	  the	  system	  is	  Ca(OH)2,	  which	  has	  a	  very	  significant	  energetic	  
(ΔH1)	  and	  CO2	  penalty	  associated	  with	   its	  production.	  Since	  we	  are	  comparing	  the	  ATT	  
reaction	  to	  combustion	  it	  is	  not	  necessary	  to	  incorporate	  these	  penalties	  into	  the	  system	  
boundary	  since	  both	  reaction	  require	  identical	  amounts	  of	  Ca(OH)2.	  However,	  it	  should	  
be	  noted	  that	  this	  entire	  calculation	  is	  contingent	  on	  a	  sustainable	  source	  of	  Ca(OH)2.	  As	  
shown	   in	   Figure	   A.1,	   Ca(OH)2	   is	   obtained	   through	   the	   calcination	   of	   CaCO3	   and	   the	  
hydration	  of	  the	  resulting	  CaO.	  This	  releases	  at	  a	  minimum	  one	  mole	  of	  CO2	  per	  mole	  of	  
Ca(OH)2	   produced	   and	   this	   disregards	   the	   indirect	   CO2	   produced	   form	   the	   heat	   Q1.	  
Hence,	  if	  Ca(OH)2	  is	  obtained	  in	  this	  fashion,	  the	  ATT	  reaction	  can	  never	  be	  CO2	  negative	  
since	  it	  was	  obtained	  from	  CaCO3.	  This	  illustrates	  the	  importance	  of	  performing	  studies	  
with	  steel	  slag,	  which	  could	  contain	  up	  to	  12%	  CaO.152	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The	   system	   boundary	   also	   ignores	   the	   energy	   penalty	   associated	   with	  
regeneration	  of	  CaCaO3	  to	  CaO.	  However,	  since	  this	  would	  be	  the	  same	  for	  both	  studied	  
cases,	   it	   does	   not	   need	   to	   be	   included	   in	   the	   boundary.	   In	   the	   future	   careful	  
consideration	  will	  need	  to	  be	  placed	  on	  whether	  CaCO3	  will	  be	  regenerated	  or	  not.	  If	  the	  
process	  must	  be	  CO2	  negative,	  then	  CaCO3	  must	  be	  stored,	  however	  if	  concentrated	  CO2	  
streams	  are	  needed,	  looping	  processes	  are	  possible.	  
A.2	  Analysis	  of	  the	  Combustion	  Reaction	  
A.2.1	  Energy	  Input	  into	  the	  Combustion	  Reaction	  
The	  combustion	  reaction	  is	  simply	  the	  compete	  oxidation	  of	  biomass	  to	  CO2,	  H2O	  
and	  evolved	  heat	  (ΔH1).	  The	  amount	  of	  heat	  evolved	  during	  the	  reaction	  depends	  on	  the	  
efficiency	  of	   the	  process	   (η1).	  While	   sources	   state	   that	  biomass	   stove	   typically	   release	  
between	  60-­‐90%	  of	  the	  energy	  content	  in	  biomass	  as	  heat251;	  we	  shall	  assume	  100%	  for	  
simplicity.	  While	  higher	  combustion	  efficiency	  results	  in	  more	  CO2	  released,	  the	  amount	  
of	  heat	  released	  also	  increases,	  which	  is	  beneficial.	  The	  ignition	  temperature	  of	  biomass	  
depends	  on	  the	  type,	  but	  is	  typically	  around	  573	  K252	  
Thus	  in	  this	  model	  we	  shall	  assume	  that	  we	  must	  raise	  the	  temperature	  of	  biomass	  to	  a	  
temperature	  of	  573	  K	  (T1),	  after	  which	  point	  the	  exothermic	  nature	  of	  the	  reaction	  will	  
create	   a	   self-­‐sustaining	   process.	   The	   energy	   lost	   in	   heating	   up	   the	   biomass	   to	   the	  
operating	  conditions	  and	  removing	  its	  moisture	  content	  can	  be	  written	  as	  
𝑄! = 𝑚!!!!"!!𝑐!!!!"!! +𝑚!!𝑐!! +𝑚!!!𝑐!!! 𝑇! − 298 +𝑚!!!ℎ!!!	   Eq.	  A.1	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Where	  
𝑚! = 𝑚𝑜𝑙𝑒𝑠	  
𝑐! = 𝑀𝑜𝑙𝑎𝑟  𝐻𝑒𝑎𝑡  𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦  (𝑘𝐽𝑚𝑜𝑙!!𝐾!!)	  
ℎ = 𝐻𝑒𝑎𝑡  𝑜𝑓  𝑉𝑎𝑝𝑜𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛  (𝑘𝐽𝑚𝑜𝑙!!)	  
The	  values	  for	  all	  of	  these	  constants	  and	  the	  tabulated	  energy	  input	  values	  can	  be	  found	  
in	  Table	  A.1.	  It	  should	  be	  noted	  that	  the	  energy	  input	  in	  independent	  of	  the	  efficiency	  of	  
the	  combustion	  reaction	  since	  heating	  the	  reactants	  to	  the	  operating	  temperature	  must	  
be	  done	  regardless	  of	  the	  process	  efficiency.	  Additionally,	  thermal	  losses	  of	  the	  reactor	  
have	  been	  ignored	  for	  this	  calculation.	  
Once	  the	  combustion	  is	  complete	  the	  CO2	  must	  be	  capture	  by	  Ca(OH)2.	  Since	  the	  
CO2	  leaves	  the	  process	  at	  temperature	  T1,	  only	  Ca(OH)2	  must	  be	  heated	  to	  T1	  in	  order	  to	  
allow	  for	  carbonation	   to	   take	  place.	  The	  heat	   input	   into	   the	  system	  for	  carbonation	   is	  
given	  by	  
𝑄! = 𝑚!"(!")!𝑐!"(!")! 𝑇! − 298 	   Eq.	  A.2	  
The	  carbonation	  of	  Ca(OH)2	  depends	  on	  the	  particle	  size	  and	  the	  amount	  of	  moisture	  in	  
the	  system.	  Montes	  et.	  al	  found	  that	  at	  673	  K	  the	  carbonation	  efficiency	  of	  Ca(OH)2	  was	  
only	   56%	   due	   to	   the	   formation	   of	   a	   CaCO3	   passivation	   layer	   on	   the	   surface	   of	   the	  
particles.253	  Hence,	  given	  that	  this	  value	  is	  likely	  an	  overestimate	  of	  the	  efficiency	  of	  the	  
carbonation	  at	  573	  K,	  it	  will	  be	  used.	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A.2.2	  Converting	  Heat	  to	  Electricity	  
	   From	   Figure	   A.1,	   the	   amount	   of	   heat	   released	   by	   the	   combustion	   reaction	   is	  
given	   by	   ΔH1η1.	   If	   the	   amount	   small	   amount	   of	   heat	   released	   by	   the	   carbonation	  
reaction	  is	  also	  considered	  then	  the	  heat	  released	  is	  given	  by	  
𝐸! = ∆𝐻!𝜂! + ∆𝐻!𝜂!𝜂! 	   Eq.	  A.3	  
EC	  is	  the	  amount	  of	  raw	  heat	  released,	  which	  must	  then	  be	  converted	  to	  electricity.	  The	  
efficiency	   of	   this	   conversions	   step	   has	   a	   large	   number	   of	   variables,	   however	   a	   rough	  
estimate	  can	  be	  made.	  Coal-­‐fired	  power	  plants	  that	  convert	  the	  heat	  from	  coal	  typically	  
have	  an	  efficiency	  of	  around	  34%,	  which	  we	  shall	  assume	  a	  typical	  combustion	  process	  
can	   achieve.	   The	   total	   amount	   electrical	   energy	   produced	   is	  𝐸!𝜂!,	   however	   we	  must	  
correct	  for	  the	  energy	  put	  into	  the	  system	  as	  heat.	  
𝜔! = 𝐸!𝜂! − 𝑄! − 𝑄!	   Eq.	  A.4	  
It	  is	  important	  to	  note	  that	  the	  thermal	  energy	  input	  into	  the	  system	  is	  subtracted	  at	  the	  
end,	  since	  the	  amount	  of	  energy	  needed	  for	  the	  reaction	  does	  not	  scale	  with	  efficiency.	  
A.2.3	  Calculating	  the	  Amount	  of	  CO2	  Released	  
	   The	   amount	   of	   CO2	   released	   during	   the	   process	   depends	   on	   the	   amount	   of	  
energy	   input	   into	   the	   system	   and	   the	   amount	   of	   CO2	   released	   by	   the	   system.	   The	  
general	  equation	  for	  the	  amount	  of	  CO2	  released	  by	  the	  combustion	  can	  be	  written	  as.	  	  
𝐶𝑂! !"#$%&'(") = 𝑄! + 𝑄! 𝜑 + 6𝜂! 1− 𝜂! 	   Eq.	  A.5	  
Where	  𝜑	  is	  the	  number	  of	  moles	  of	  CO2	  released	  per	  kJ	  of	  thermal	  energy	  derived	  from	  
the	   combustion	   of	   natural	   gas.	   One	   of	   the	   major	   assumptions	   of	   the	   calculations	  
presented	  here	  is	  that	  the	  heat	  provided	  to	  system	  is	  derived	  from	  natural	  gas	  and	  has	  a	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combustion	   efficiency	   of	   100%.	   This	  was	   assumed	   since	   incomplete	   combustion	   does	  
not	  result	   in	  CO2	  production	  and	  hence	  is	  redundant	  when	  attempting	  to	  calculate	  the	  
maximal	  amount	  of	  CO2	  produced	  in	  a	  process.	  
A.3	  Analysis	  of	  the	  Alkaline	  Thermal	  Treatment	  Reaction	  
A.3.1	  Energy	  Input	  into	  the	  ATT	  Reaction	  
	   In	  this	  section	  we	  shall	  follow	  a	  very	  similar	  procedure	  to	  that	  in	  section	  A.2.	  As	  
discussed	   in	   the	   thesis,	   the	   ATT	   is	   performed	   at	   a	   temperature	   of	   773	   K	   (T3).	   This	  
reaction	  includes	  the	  carbonation	  and	  therefore	  can	  be	  simply	  expressed	  as	  
𝑄! = 𝑚!!!!"!!𝑐!!!!"!! +𝑚!" !" !𝑐!" !" ! +𝑚!!!𝑐!!! 𝑇! − 298
+𝑚!!!ℎ!!!	  
Eq.	  A.6	  
As	   in	   the	   case	   of	   combustion,	   the	   energy	   input	   Q3	   is	   independent	   of	   the	   process	  
efficiency	  𝜂!.	  However,	  the	  energy	  required	  to	  heat	  the	  reaction	  to	  T3	  can	  be	  mitigated	  
by	  utilizing	  the	  waste	  heated	  created	  by	  the	  fuel	  cell.	  One	   issue	  with	  proton	  exchange	  
membrane	  fuel	  cells	  (PEMFC)	  is	  that	  operate	  at	  temperatures	  below	  373	  K.254	  The	  waste	  
heat	  from	  these	  fuels	  cells	  is	  of	  a	  very	  low	  grade	  and	  cannot	  be	  reused.	  However,	  alkali	  
fuel	  cells	  (AFC)	  operate	  at	  a	  much	  higher	  temperature	  of	  473	  K	  and	  have	  efficiencies	  in	  
the	   region	  of	   50%.255	  At	   this	   temperature	   the	   energy	   released	  by	   the	   fuel	   cell	   can	  be	  
recycled	  into	  the	  ATT	  process.	  	  The	  value	  of	  Q4	  is	  the	  amount	  of	  energy	  released	  as	  heat	  
by	  the	  AFC.	  The	  efficiency	  𝜂!	  is	  typically	  around	  55%.255	  This	  means	  that	  1-­‐𝜂!	  is	  emitted	  
as	  waste	  heat	  at	   the	  operating	  temperature	  of	   the	  AFC	  (T4).	  The	  total	  amount	  of	  heat	  
produced	  can	  be	  given	  by	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𝑄! = ∆𝐻!𝜂!(1− 𝜂!)	   Eq.	  A.7	  
The	  amount	  of	  energy	  required	  to	  heat	  the	  ATT	  reaction	  to	  473	  K	  is	  given	  by	  
𝑄!,!"# = 𝑚!!!!"!!𝑐!!!!"!! +𝑚!" !" !𝑐!" !" ! +𝑚!!!𝑐!!! 473− 298
+𝑚!!!ℎ!!!	  
Eq.	  A.8	  
Hence	  if	  Q4	  is	  greater	  than	  Q3,473,	  then	  the	  waste	  heat	  from	  the	  AFC	  would	  be	  sufficient	  
to	   preheat	   the	   ATT	   to	   473	   K.	   This	  would	   then	   essentially	   reduce	   the	   amount	   of	   heat	  
required	  to	  heat	  the	  ATT	  to	  T3	  in	  equation	  A.6	  to	  
𝑄! = 𝑚!!!!"!!𝑐!!!!"!! +𝑚!" !" !𝑐!" !" ! +𝑚!!!𝑐!!! 𝑇! − 473 	   Eq.	  A.9	  
A.3.2	  Converting	  Hydrogen	  to	  Electricity	  
	   Given	  the	  discussion	  in	  the	  previous	  section,	  the	  amount	  of	  electrical	  energy	  that	  
can	  be	  converted	  into	  electrical	  energy	  via	  the	  fuel	  cell	  is	  	  
𝜔!"" = ∆𝐻!𝜂!𝜂! − 𝑄!	   Eq.	  A.10	  
Where	  ∆𝐻!is	  the	  amount	  of	  energy	  released	  during	  the	  oxidation	  of	  hydrogen	  and	  𝜂!	  is	  
the	  efficiency	  of	   the	  AFC.	  𝜂!	  on	  the	  other	  hand	   is	   the	  efficiency	  of	   the	  ATT	  reaction	  at	  
producing	  the	  theoretical	  12	  moles	  of	  H2.	  Based	  on	  the	  studies	  in	  this	  thesis	  this	  value	  is	  
currently	  50%,	  however	  it	  could	  be	  significantly	  improved.	  
A.3.3	  Calculating	  the	  Amount	  of	  CO2	  Released	  
	   As	  in	  the	  case	  of	  combustion,	  the	  amount	  of	  CO2	  released	  in	  the	  ATT	  reaction	  is	  a	  
function	  of	  the	  energy	  input	  into	  the	  system,	  and	  the	  CO2	  released	  by	  the	  system.	  The	  
amount	  of	  CO2	  released	  is	  given	  by	  
𝐶𝑂! !"#$%&'(") = 𝑄!𝜑 + 𝜙	   Eq.	  A.11	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𝜙	  is	  the	  amount	  of	  CO2	  released	  during	  the	  ATT	  process;	  approximately	  0.1	  moles	  of	  CO2	  
per	  mole	  of	  cellulose.	  
A.4	  Conclusion	  
	   Based	   on	   the	   equations	   and	   assumption	   given	   in	   the	   previous	   sections,	   the	  
amount	  of	  energy	  and	  CO2	  through	  combustion	  and	  the	  ATT	  reaction	  can	  be	  calculated.	  
From	  Table	  A.1,	  the	  amount	  of	  energy	  produced	  via	  combustion	  and	  the	  ATT	  reaction	  is	  
657	   and	   546	   kJ/mol-­‐Cellulose,	   respectively.	   These	   values	   are	   quite	   similar	   although	  
several	  assumptions	  have	  been	  made	  for	  both	  processes.	  When	  comparing	  the	  grams	  of	  
CO2	  released	  per	  kilojoule	  of	  electricity	  produced,	  combustion	  produces	  approximately	  
6	   times	   more	   CO2	   for	   every	   kilojoule	   of	   energy	   produced.	   This	   shows	   that	   the	   ATT	  
reaction	  is	  CO2	  negative	  as	  previously	  asserted.	  
	   The	  ATT	  has	  significant	  opportunity	  to	  improve	  through	  continued	  research	  and	  
process	  optimization.	  For	  instance,	  if	  an	  alternate	  metal	  hydroxide	  such	  as	  NaOH	  is	  used	  
the	   conversion	   of	   the	   ATT	   process	   can	   be	   significantly	   increased.	   Assuming	   100%	  
conversion	  Figure	  A.1	  shows	  that	  1344	  kJ	  of	  electrical	  energy	  can	  be	  generated	  via	  the	  
ATT	  process.	  Given	  that	  the	  ATT	  reaction	  already	  produces	  similar	  levels	  of	  electricity	  to	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Table	  A.1:	  Comparison	  of	  the	  Energy	  and	  CO2	  Capture	  Potential	  of	  Combustion	  and	  the	  
ATT	  Reaction	  	  
Temperature	  (K)	   Efficiencies	  (%)	  
T1	   573	   η1	   100	  
T2	   573	   η2	   56	  
T3	   773	   η3	   50	  
T4	   473	   η4	   55	  
	   η	   34	  
Estimated	  CO2	  Values	  
Φ	   0.1	  mol/mol	   Ψ	   0.0012	  mol/kJ	  
Energies	  (kJ/mol)	  
ΔH1	   -­‐2611	   Q1	   165	  
ΔH2	   -­‐124	   Q2	   252	  
ΔH3	   -­‐415	   Q3	   144	  
ΔH4	   -­‐2902	   Q3,473	   191	  
	   	   Q4	   -­‐653	  
Calculated	  Values	  
	   Combustion	   ATT	  
Electrical	  Energy	  (kJ/mol-­‐Cellulose)	   657	   546	  
CO2	  Released	   3.02	   0.41	  
Grams	  of	  CO2	  Emitted	  per	  	  
kJ	  of	  Electrical	  Energy	  
0.203	   0.033	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